Bis Son pe fait fom Bi 
erat aici SLA hte ALOT Sarre 


ee esi aD nb hr Ciel 
Mpa A eho mc Wm RM ABET AE 
RH tal pepe RE Tite emt ee p pean 
AN CRIN 
RU eS 


(ect aPer sar 
We eR mE Ce 
eee 
aerate Tee 
- ; = ¥ i ; eee : = , Btale 8 ' ares 


Pf tem Pai a 


mae 


Serer ats eee 


sa trst eS 
SSP nin 


Asa Pomp aha 
lati Pathalic Do, 


ee oe 
Loa ih wed 


a s 2 + 3 5 ~ daa 


ev TBST 


Reais " ; imitans he Fass 


ana cacaer nest 
SR a Fi 


Sat ntneR 


ee ee eer 


Bate 


3 eal bay BS een 
ih ta aligeiotat Tac 


> 


° 
. 
: 


-.20' 


: vi 
Pp ale yay ze 7 


oe CE, oy Wt ae 
| . ‘ a Far i! 


‘ ~ . 


at ant ae Pas rrtecat aon 


sRimioewskses anett aysetS weak iin aoe 
ic peck sie ad? ne asthe: o§scitrs sramt* 

a0x5 qtr? eda git te (TT hae US 
(STL SPedeoen irre sse2 «29 


C.0¢ GOiekeet oan greser doo otg 
i 


. . | Pee 
$e. Carter h Vie 
yrraaavion dir cy Sedeaep wWlever =2 botsolmee | . 


atas Io 2ealqos ofpiria eanaews? 22 yr ae aaa 
sovixzq 26% sadqoue fgwe Eine 36 G25 39 fas cle 
.¥fao ugebqaue Mrpeeee?) get. to. 72) <5, we famed 

bar, .oditpla aolieeeitdag cack aay w2e3 “Ae eet 
yee Js mos? cPOeeres Viennese “OG <casf 91° i 7 
a aaisin adt svotsie tangboagen ccswiec’}.: 59 Sova ial oa 


moles iresd 135s 


THE UNIVERSITY OF ALBERTA 


KINETIC STUDIES ON THE REACTIONS OF CHROMIUM (IT) 


WITH NITRILE COMPLEXES OF PENTAAMMINECOBALT (IIT) 


by 


WILLIAM CLETUS HENRY KUPFERSCHMIDT 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE 


OF DOCTOR OF PHELOSOPHY 


DEPARTMENT OF CHEMISTRY 


EDMONTON, ALBERTA 


PALL, L962 


ae | as It Tin) Ai a1 a 


Sere heer aved ystit Sai qtistay beavte taba 

Soxveaest Saws sei bute > efevitmenn To. vriz ons ors od 

an? Wo. aviauts sr tapee balls iota obiserts >: , sate ¢ 

| to 2axseqiis aaeetrn wih UT ria 8h ome 
V¥SUNH ZUTSID MALTAIW yd. badecoiys * TLL aoa 

tot sinemwtinpes siz 76 pecan 22's hactSosag ai DEI 


(engenettat 25 =o9Geu to 


nieces ** ir . a es WN 
“ToB.Lieaye. Fins. 7 


P is , 
serees Sete re oot 


2 
eee ee ee en ee S kh 4088 iene 8 &> 


Da - : as j i ; , 

I 7 a | | y; 

a . a a 7 F 

7 an 7 Steg) wes ih Dis 4 - Lanperaacs i k 


/ 


ene reactions of eh wemiwnd Fs) wlth « aeete Of wserile 
iiplexcs aE ‘pent aavin | Lnacebas. ee: 5 rime) ae taped § od few 
plexes _of neobadk ii BAe, Ma heres t v Joos tanide 

, Methyicyanoacata be ark "4 ttc 

,: < mechatians =) hm CHR SRY we Mie. tuys yen ry 

| . p to COCUr in Che reciuccian . IN ‘. : 

1 ridgéd~onter-spher 2 iN 


a» Rie POSE Lr Rie. he tte bts Cae om ake 1.) 


u 
' 


Pani tive ‘bur. are: donate 
Be bridcged-outer-gphe re mek 


wne. reaction of. chee iwi (i): 


Poce cas ‘Dy | KHaboves abe Te: Jeanett 
‘ * F,’ P which la supecwentey os " ; GCAO. ae 

mela (Ho) _.C gGns,.,.Ce oy ANE 

mamerved for the (i) uae ceeniarae of PCCH 

m Where the novel Bee Lage thot, yi’ ee s TVaR, 
. rormed . Soth Vee Oi Pe a 3 y Crewe umd Fis. 
; 2 former is bhaliveey tc titers ! Pe | Weer ~ephere 
duction by attack wt ihe shy cel ex trike. The 

: sections Ga matorsers) ith Dérbt: Te) ame TVe2 were ALEO 
bied, Poe the Zatter eyetas, sso pruduct of teaction 
ty) game Hy tous)". . 

Chrsiahan (17) yeGeevian af. 187 ,) .Cagecieches * proceeds 


Digitized by the Internet Archive 
in 2022 with funding from 
University of Alberta Library 


https://archive.org/details/Kupferschmidt1982 


ABSTRACT 


the Teactions of chromium(II) with a series of nitrile 
complexes of pentaamminecobalt(III) have been studied. The 
complexes of acetonitrile, succinonitrile, cyanoacetamide 
and methylcyanoacetate are reduced by means of an outer- 
sphere mechanism. On the other hand, ligand transfer was 
2 


3) 5CONCCH.,CO,, and 


a bridged-outer-sphere mechanism is thought to be opera- 


Shown to occur in the reduction of (NH 


tive. The results for the malononitrile complex are less 
definitive but are consistent with competing inner-sphere 
and bridged-outer-sphere reduction pathways. 

The reaction of chromium(II) with NCCH5X, X = Clr ee 
proceeds by halogen abstraction to yield the radical 
NCCH.°, which is subsequently reduced by chromium(II) to 
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yield (H50) -CrCHCN 


observed for the (NH) .Co?* complexes of NCCH.X, Keely 


eit IV-1. Analogous behaviour is 


I where the novel complex (NH) ,CONCCH,Cr (OH) .°", IV-2, 

is formed. Both IV-1l and IV-2 are reduced by chromium(III). 
The former is believed to undergo bridged-outer-sphere 
reduction by attack at the uncomplexed nitrile. The 
reactions of mercury(II) with both IV-1l and IV-2 were also 
studied. For the latter system, the product of reaction 


a 
is (NH CoNCCH Hg (OH, ) * : 


Bes 2 . 
_ 
Chromium(i1l) reduction of (NH) j>CONCCH=CHCN proceeds 


py facile inner-sphere electron transfer to yield 
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+ 
(HO) .CrNCCH=CHCN” pev-Le  Insthe absence of chromium(III), 


V-l aquates to ora (0) saa and free fumaronitrile. However, 
in the presence of chromium(II), both V-1 and free 
fumaronitrile readily undergo reduction to yield a variety 
of organochromium(III) products. Detailed kinetic and 
product studies were undertaken to determine the nature 


of these products and their mechanism of formation. 
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CHAPTER I 
INTRODUCTION 


The net result of an oxidation-reduction reaction 


between two metal ion complexes 


+ ' > 4- ! ] ] 


is to transfer an electron from the reductant, ea 


2 
to the oxidant, 1a ae Historically, such electron 


transfer reactions have been classified into two major 


Lee 


categories, inner-sphere and outer-sphere.+ In the 
outer-sphere reaction, electron transfer takes place in 
an activated complex (I-1) in which both metal ion complexes 


retain their full complement of coordinated ligands. 
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In the inner-sphere reaction, electron transfer occurs 
through an activated complex (I-2) in which one or more 
ligands in the first coordination sphere are shared 


between the two metal ion complexes. 
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Distinguishing between these two types of reactions 
is not always a simple matter. If the rate of electron 
transfer is greater than the normal rates of ligand 
substitution for both metal ions, then the reaction must 
be of the outer-sphere type. On the other hand, if both 
reactants undergo substitution at rates greater than that 
of electron transfer, then either mechanism may be 
Operative. In systems such as these, the mechanism of 
electron transfer can sometimes be deduced from a compari- 
son of the kinetic results with those from established 
inner- and outer-sphere reactions. A system that most 
easily reveals the electron transfer mechanism is the 


pM CAE 
reduction of complexes of the type (NH,),Co "L by 


: 1 a 
chromium(II). The oxidized forms of these ions (Co 


ty are substitutionally inert whereas the reduced 
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and crit) are substitutionally labile. As 
Teer 


forms (Co 
such, if (H,0) 5Cr°° is isolated as the chromium(IIT) 
product of the reduction, this is compelling evidence 


that an activated complex of the type 


[ (NH,) .Co™~7-L-cr*” (OH) 5]* 
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gsecormed. ylt isjunlikely.that the.ligand.transfer « 
product (eG) cGul gal. cOula- bewtormed by. reacttonsot free 
L with Gr (Onset a) owing to the kinetic inertness of the 
latter. Alternatively, if free L and CEioH saa are 
found as products of the reaction, this suggests that an 
outer-sphere mechanism is operative. This assumes, of 


SBA 


course, that (H5O) ,Cr L does not aquate rapidly relative 


to the electron transfer rate. 
Electron transfer reactions have been the subject 


of numerous theoretical studies. Outer-sphere reactions 


have been examined by Libby ,- Marcas# §- Hush,” Levich 


sae and more recently by Schmiat??’13 


14-16 


and Dogonadze 


end Jontner et al... The theory of inner-sphere 


electron transfer is somewhat more complicated but it 


; roan ey? ey, 
has been examined qualitatively by George and Griffith, 


1 
Halpern and orge1,18 as well as by Burdett : and 


20 


Larson. Two limiting mechanisms of inner-sphere electron 


transfer have been proposed, chemical and resonance- 


oe In the chemical mechanism, the electron 


transfer. 
transfers from the reducing agent to the ligand to form 

a ligand-centred radical intermediate. Finally, the 
electron passes from the ligand to the oxidizing centre. 
The formation of the radical intermediate requires that 
the ligand can be reduced. In contrast, when a resonance- 


transfer mechanism is operative, the electron 1s assumed 


to pass directly from a bound state on the reductant to 
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another on the oxidant. Although no intermediate ligand- 
centred radical is formed, the bridging ligand is 
involved in the electron transfer reaction to the extent 
that it provides orbitals that mediate the electron 
between the two metal centres. The resonance-transfer 
mechanism is favoured when the incoming electron enters 

a metal orbital which can effectively overlap with 
eepitca lo on the: bradging Jiganhd.* Such is) thei case for 
the chromium(II) reduction of many ruthenium(III) 


Ze 


complexes. Here the metal acceptor orbital is of 


met symmetry and can interact with low-lying T 


2q° 
Orbitals of the complexed ligand. On the other hand, 


For reactzonssuch ‘as 


+ 
ists) gcon()—c-0* Gr 4 > SNH, + Gon 
wD (in) 


es 3+ 
+ sO)- sree (oH) 


NH, 


a resonance transfer mechanism is unlikely since empty 
ligand orbitals of o symmetry which are needed to mix 
with the ole_) aceeptor orbitals of cobalt(III) lie 
extremely high in energy.°* However, reduction via a 
chemical mechanism might be expected to be facile owing 
to the ease of reduction of the isonicotinamide bridging 


ligand. 
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Whether a bridged or non-bridged activated complex 
is formed between an oxidant and a reductant depends in 
large part on the nature of the potential bridging ligand. 
Clearly, a minimum requirement for a ligand to serve as 
a bridge is the presence of at least two unshared electron 
pairs, since it must function as a Lewis base towards 
us 


Pwo wunetal cations?) “As such, “the robservation=that @at@H,)e 


is the chromium(III) product of the reaction (1.3) 


Co(NH3) ,>* + Ge [7 ONE. “s Co** + CEIOR Su (e3) 


is not surprising since only outer-sphere electron transfer 


IAS 


is possible. Coordinated ammonia has no second lone 


pair to coordinate chromium(II). On the other hand, ligand 


Z 
transfer product is detected in reaction (1.4). 6 


2+ 
(vHl,) gconsc-()n?* + ese hie 5NH, + Co 
| (1.4) 
aa Che 
+ (¥,0) scx ))-c=N 


The lone pair of electrons on the pyridine nitrogen serves 
to bind the reductant, thereby allowing inner-sphere 
electron transfer to occur. However, the presence of a 
second lone pair of electrons is not a sufficient condition 


to guarantee that inner-sphere reduction will occur, as 


Fat} 28 
is evidenced by the reactions (1.5) and (6) 
a he “NH 
NH 
2 oy 2+ 7 ob 2 3+ 
(NH. ) .-CoO=C + Cr” —»5NH, + Co” + OFC oe Cr (OH) ¢ 
aD ae 3 as 
H H 
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2 2+ 2+ - 
(NH. ) -CoO=C +..Cr ——-—5NH« + Co t= C tars (OH) 
3 5 ~ 3 = 2 
‘NH, NH, 
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Outer-sphere reduction occurs despite the fact that basic 
Siues jare available for -reductant .binding... These “systems 
differ from the others that do proceed by inner-sphere 
evectron transfer in that .coordination of chromium (IT) 

at the available NH, functional groups yield activated 
complexes which do not possess a conjugated bonding system 
between oxidant and reductant. Observations of this type 
have caused some workers to suggest indirectly that a 
conjugated pathway between the two metal centres is an 
additional requirement for inner-sphere electron 


are Such a formulation requires a reassessment 


Gihansfter. 
of the historically accepted definition of inner-sphere 
electron transfer. The problem is that the historical 
definition results in a series of electron transfer 
reactions which are unclassified with respect to their 


mechanism. An illustrative example of this latter class 


is provided by the reaction (er), 


O 
lke 24 24 Liz + 
(NH) ,;CONH,CH5C-O + Cr” —> (NH3) ,CO ae sets 
CH, 
HO) a Ue eae 
(H50) 5 —- 
i 
2+ ae ie 3+ 
SNH, + Co = (HO) Cro c CH NH, gers’ 
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mie reduction preceeds with ligand transfer to: chromium(III) 
and as such, the reaction cannot be of the outer-sphere 
type. However, it does not conform to the inner-sphere 
definition just described since there is no conjugated 
ligand system between the two metal centres. This is an 
example of a reaction in which the bridging ligand serves 
only to bring oxidant and reductant into close proximity 
Of One another in order to facilitate direct electron 
transfer between the two metal centres. Although the 
oxidant and reductant are bridged in the activated complex, 
the actual act of electron transfer is essentially of 
the outer-sphere type. Various names have been given 
to reactions such as (1.7): direct electron Ceaneters 
linked electron transfer, °° and precursor complexation 
formation with outer-sphere reduction.*” A more precise 
name for this type of reaction is bridged-outer-sphere 
electron transfer since it more adequately describes the 
nature of both the activated complex and the electron 
transfer act itself. On this basis, outer-sphere reactions 
might be better regarded as non-bridged-outer-sphere 
electron transfer whereas inner-sphere reactions could 
be formulated as bridged-inner-sphere electron transfer. 
When the bridging ligand offers more than one site 
for attachment of reductant, a distinction can be made 


au 
between adjacent and remote attack. For complex I-3, 
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Peauction by chromium(II) in principle can-occur at either 
the coordinated carboxylate group (adjacent attack) or 

at the aldehyde function (remote attack). The kinetics 
and products suggest that I-3 is reduced by remote 
Apeack.c On the other hand, the reduction of I-4 by 


chromium (IT) 


i i 
(NH,) .<Co-0-C come 
Se) 
I-4 
52 ; nee: 
as believed to occur by adjacent attack: This mechanistic 


complication can arise with many bifunctional bridging 
ligands. The problem can be avoided by using either 


coordinated pyridine or nitrile bridging ligands such as 


: ices pee 
aig) sco” \— x (NH) ,CON=C-R 


imaibothsicases, adjacent attack cannot occur because of 
the lacksofi ansunshared, electron} pair) on: thes coordinated 
atom. This is one of several reasons why a study of the 
reactions of chromium(II) with simple nitrile complexes 


ta has been undertaken. 


of (NH3) ,Co 
In order to gain information on the kinetic patterns 


that might distinguish bridged and non-bridged-outer-sphere 
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electron transfer, the chromium(II) reduction of the 


following complexes have been studied: 


Z 3+ a _. 3+ 
(NH) ,CON=CCH, (NH) .CON=CCH,CH,C=N 

T25 T-6 

- I oe 4 ae 
(NH) ;CON=CCHC-NH,, (NH) ,CON=CCHC=N 

ieey r—3 

I rf 

7 ie ee ee 
(NH) ;CON=CCH.C-OCH, (NH) -CON=CCH.C-OH 

ro Tod 


With the exception of the acetonitrile complex I-5, all 
the complexes have ligands which contain remote functional 
groups capable of coordinating chromium(II). However, 
all the ligands contain at least one saturated methylene 
group, and as such, if ligand-transfer chromium (III) 
product is observed for any of these systems, a bridged- 
outer-sphere mechanism must be operative. The results 
of this study may add substantially to the understanding 
Of the various factors that govern bridged-outer-sphere 
reduction. 

Several workers have investigated the reactions of 
halogenated organic ligands with Chromtun( i) ee ones 
Chromium(II) can function as a halogen abstractor in 
reactions of the type 


2t 
SE 2+ 


RCH,X + Stet tee Nee ee (HO) -CrCH5R (15) 
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in which organochromium(III) complexes can be generated. 
In the present study, the reactions of chromium(II) with 


the following nitrile ligands have been studied: 


N=CCH,Cl N=CCH.1 


TEES ee 


manadcaition, the reactions of chromium(III) with the 


cobalt(III) complexes of these ligands 


3+ ik 
(i) .CoNec-CH GL (NH) ,CON=CCH 51 


ieee I-14 


3+ 


have been examined. There are several ways in which 
these complexes can react with chromium(II). These 
nitrile complexes can undergo non-bridged-outer-sphere 


reduction. 


Pa = Sip 
(NH) —CON=CCH < | a Ce GNT ql BO) a N=CCH,% = Cr (OH) ¢ 


2 3 
(19) 


Alternatively, halogen abstraction can occur, according 


to the reaction 


+ 2+ 2 Brom = 2+ 
(NH) ,CON=CCH,X* oO Oh —— > (NH,) ,;CON=CCH., + (HO) -Crx 


CEO) 
This coordinated radical could undergo several reactions. 


It could react with a second equivalent of chromium(II) to 


produce the novel complex 


>, 5+ 
(NH) ,;CON=CCH5Cr (OH,) ¢ 
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or the radical intermediate could dimerize according to 


the reaction 


or 


2 (NH) -CON=CCH,, 


——> (NH3) ,CON=CCH,CH.C=NCo (NH) . 


PRUE 2. 
Cis) 
In addition, intramolecular electron tranfer might produce 


GCobalit(il) and oxidation of the ligand according to the 


reaction 


2 3+ 2+ = + 


A detailed study of the kinetics and products of these 
halogen abstraction reactions has been undertaken. The 
results elucidate the reaction pathways, products, and the 
kinetic effects of coordination and changing the halogen. 

A detailed kinetic investigation also was undertaken 
of the reaction of chromium(II) with the fumaronitrile 


complex I-16. 


(NH) ,CON=CCH=CHC=N** 


pi Oi) 


Unlike the nitrile complexes so far described, complex 
I-16 can undergo reduction by a bridged-inner-sphere 
mechanism, in which case the ligand transfer product 


would be expected to be 


(H,0) ,CrN=CCH=CHC=N** 


I-17 
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However, it is also known that chromium(II) can reduce 
olefinic double bonds to yield either hydrogenated ligand 


36,37 Kinetic and 


or organochromium(III) complexes. 
product studies have been undertaken on the chromium(III) 
reduction of free and coordinated fumaronitrile in order 


to establish the major reaction pathways and the effect 


of coordination on reactivity. 
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CHAPTER II 


EXPERIMENTAL 


Reagents 


All solutions for kinetic studies were prepared 
with deionized water redistilled from alkaline 
permanganate in an all glass See Perchloric acid 
solutions were prepared by dilution of 70% perchloric 
acid (Allied Chemical, Ltd.) and standardized against 
sodium hydroxide. The sodium hydroxide solutions were 
prepared by dilution of ampoules of concentrated reagent 
(Sasher Scientific Co.). Solutions of lithium perchlorate 
(Alfa Products, Lts.) were filtered through a 0.22-um 
Millipore filter (Millipore Corp.) and standardized by 
titration of the hydrogen ion released from a column of 
Dowex 50W-X8 cation-exchange resin. 

Chromium(III) perchlorate solutions were prepared 
by reduction of primary standard potassium dichromate 
(2.D.H., Ltd.) with hydrogen peroxide in perchloric. acid. 
The potassium perchlorate precipitate was removed by 
Pieration through a 0.22-um Millipore filter. | The 
perchloric acid content was determined by treating 5 mL 
aliquots of the chromium(III) stock solution WLEhe2. O08 
of sodium oxalate (J.T. Baker Chemical Co.) in 50 mL of 


water. The solutions were heated to 70-80°C for 
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30 minutes during which time hexaaquochromium(III) is 
converted to tris(oxalato)chromium(III). After cooling 
to room temperature, the solutions were titrated 
potentiometrically (equivalence point Cas» PH,.7.8), with 
standard sodium hydroxide. For solutions requiring 
smaller acid concentrations, the chromium(III) stock 
solutions were treated with known amounts of lithium 
carbonate. 

Chromium(II) solutions were prepared by reduction 
of chromium(III) solutions with amalgamated zinc (B.D.H., 
Ltd.). The chromium(III) content was determined by 
oxidation with an excess of standardized ammonium ferric 
wiecate solution (BvD.He;. Ltd.) ) The excess) iiro0n.(1LL1) 
was determined by addition of potassium iodide (B.D.H., 
Ltd.) and titrating with a standard sodium thiosulfate 
solution. Sodium thiosulfate solutions were prepared 
by dilution of concentrated reagent (Fisher Scientific Co.). 

Mercury (II) perchlorate solutions were prepared by 
weighing a known guantity of yellow mercuric oxide into 
a volumetric flask, adding a slight excess of perchloric 
acid and diluting to the mark. Any insoluble material 
was removed by filtration through a 0.22-um Millipore 


falter ¢ 


Preparation of Complexes 


Trifluoromethanesulfonic acid (Aldrich Chemical Co.) 


was used as supplied and handled by standard syringe 
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techniques. Reagent grade acetone (Terochem Laboratories, 
Ltd.) and sulfolane (tetramethylene sulfone or 1,1-dioxo- 
thiolane) (Aldrich Chemical Co.) were stored over freshly 
heated (120°C) Davison 4A molecular sieves and were 
transferred with reasonable care to minimize exposure to 
atmospheric moisture. All other materials were of 
reagent grade and were used as supplied unless otherwise 
noted. Preparations in acetone or sulfolane were done 

in Erlenmeyer flasks closed with rubber serum stoppers. 


The preparation of [ (NH3) 5COO3SCF,] (CF SO II-l, 


Bay 
has been reported previously by Dixon et ai #P and the 
utility of using this reagent as a starting material for 
the synthesis of pentaamminecobalt (III) complexes has 

been described. Reported here is an alternate preparation 
of II-l which uses readily available and inexpensive 
reagents and makes efficient use of the trifluoromethane- 


sulfonic poten 


1. Aquopentaamminecobalt (III) Trifluoromethanesulfonate, 


[ (NH) ,CoOH.] (CF,S0,) 4. 


To a well-stirred solution of 150 mL of concentrated 
ammonia, 200 mL of water and 33 g of ammonium sulfate was 
added 60 g of cobalt(II) sulfate heptahydrate. Then 50 mL 
of 30% hydrogen peroxide was added slowly to the cobalt (II) 


solution while warming on a steam bath. Heating was 
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continued for 2 h and then the solution was cooled and 
neutralized with 50% sulfuric acid. The solution was 
refrigerated overnight and the red crystalline product 
collected by filtration. The crude product was dissolved 
in 400 mL of warm water containing 40 mL of concentrated 
ammonia. The solution was filtered and neutralized with 
concentrated sulfuric acid. Neutralization is indicated 


by the colour change from reddish-purple ((NH CooH) 2* 


3)5 


to reddish-orange ((NH cooH,)°*. After cooling at ice 


3)5 
temperature for several hours, the red crystalline 
product was collected by filtration, washed with ice-cold 
water and methanol, and air-dried to yield 40 g of 
product. This product has not been characterized fully, 


but sulfate analysis, as BaSO and the molar extinction 


40 


4! 
coefficient at 492..nm are consistent with the formulation 
as [ (NH) ,COOH.] (SO,) (HSO,) . 

The sulfate salt was converted to the trifluoro- 
methanesulfonate salt by treatment with the stoichiometric 
amount of barium trifluoromethanesulfonate. The latter 
was prepared by slowly adding trifluoromethanesulfonic 
acid to an aqueous slurry of the required amount of 
barium carbonate until all of the carbonate dissolved. 

The sulfate salt (40 g) was dissolved in 400 mL of warm 


water (~60°) and the barium trifluoromethanesulfonate 


solution added slowly with stirring. The mixture was 
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digested at 60-70° for about 1 h, then cooled to room 
temperature. The BaSO, was collected by filtration on a 
Oeee-im Millipore filter. The filtrate was evaporated to 
dryness on a vacuum line while collecting the water in 

a large volume trap cooled in liquid nitrogen. Any excess 
CF350.H will be removed at this stage, and excess 
Ba(CF3S03).,, which may be present, does not affect 


subsequent preparations. 


2. Trifluoromethanesulfonatopentaamminecobalt(III) Tri- 


) -COOs SERRE Cie SOs) 


fluoromethanesulfonate, [ (NH,) . 3 3 3803) 5+ 


The aquopentaamminecobalt(III) trifluoromethane- 
sulfonate complex loses water when heated at 100-110° 
in vacuo to yield trifluoromethanesulfonatopentaammine- 
cobalt(III). trifluoromethanesulfonate,’ (1I-1). The 
dehydration step has been carried out on 5-10 g samples 
either in a vacuum drying tube, or in a tube furnace. 
The dehydration seems to require 2-3 h, but routinely 
has been done overnight to ensure completion. The 
product has a pinkish-purple colour, and is reasonably 
stable toward hydration in air, although normally it has 
been stored in a desiccator over calcium sulfate. 


Peal. cCalca Lor [ (NH) ,CoO SCF] (CF3503) 5: C,..6209- 
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3. Acetonitrile Complex, [ (NH, ) sCONCCH.,] (C10,) 3+ 


Into 12 mL of sulfolane was dissolved 2.6 g of 
[ (NH3) ,;CoO3SCF3] (CF3S0,) 5, (II-1), followed by the addition 
of 4 g of acetonitrile. The mixture was maintained at 
45° for 1.5 h during which time the solution changed from 
red to bright orange. The solution was then cooled to 
room temperature, diluted with an equal Sorin of water 
and the complex isolated as its perchlorate salt by slow 
addition of perchloric acid. The complex was recrystallized 
twice from dilute perchloric acid. The solid obtained was 
washed with ethanol and diethyl ether, and air-dried. 
C, 4.9/3; H, 3.75; 


Bhal. Calcd .for [| (NH CONCCH,] (C10 


3)5 4) 3? 
Bee ound: (cle. 95% W 32637°N) 16.82. 


#. Cyanoacetamide Complex, [ (NH, ) ,;CONCCH,C(O)NH.] (C10,) 4+ 


A 1.7 9g sample of cyanoacetamide was dissolved in 
Weemi sol a Sultolane solution containing 2-3 drops of 
CF350,H. Then 3 g of II-1 was added and the solution was 
stirred at room temperature overnight. The resulting 
Orange solution was added slowly to 600 mL of a rapidly 
stirred solution of diethyl ether and sec-butanol (5:1). 
The complex was recrystallized from dilute perchloric 
acid and then subjected to cation-exchange chromatography 


at 5° on Dowex 50W-X2 in the HT form. The complex was 


eluted with 2 M NaCl (pH 4.5, acetic acid/sodium acetate 
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buffer). The band of resin containing the desired product 
was separated physically and the product removed from 

the resin with 6 M HCl. The solution was treated with 
eoncentrated perchloric acid and cooled to 0° to obtain 
the perchlorate salt. The orange complex was recrystal- 
lized from dilute perchloric acid, washed with ethanol 

and ether, and air-dried. 

Baal. Calcd for [ (NH 


CONCCH4C (0) NH] (C10 C7. 6.6.47 


3)5 4)3° 
Medi. 62. around: C, 6.60; H,. 3.64; N, Leos. 


Peo SUCCinOnitrile Complex, [ (NH), CONCCH,CH CN] (C10,) 3. 


A 2 g sample of succinonitrile was dissolved in 20 
mL of sulfolane to which had been added 4 g of II-l. 
After 4 h at room temperature, the orange reaction mixture 
was treated with 30 mL of water, followed by slow addition 
of concentrated perchloric acid. The viscous solid was 
allowed: to settle at 0°C, filtered, and recrystallized 
from dilute perchloric acid. The product obtained was 
ion-exchanged on Dowex 50W-X2 resin, and the complex was 
isolated as described previously. The orange product was 
recrystallized from dilute perchloric acid, washed with 
ethanol and ether, and air-dried. 


Bnalo.Catcodsifor al-(NH CONCCH.CH.CN] (C104) 3? Get Q'-79:> 


3)5 
feo 67 N18. 76. round: ~C; 9-14; Hy 3-537 Np le.74. 
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- Methyl cat 4 ’ 
6 ethylcyanoacetate Complex [ (NH, ) SCONCCH,CO.CH,] (C10,) , 


In a typical preparation, 4 g of II-1l was dissolved 


in 20 mL of sulfolane which contained 2-3 drops of CF.,S0O.H, 


Jee 
and then 4 g of methylcyanoacetate was added. The reaction 
was allowed to proceed at room temperature for 6 h. 
Isolation of the product was achieved by diluting the 
reaction mixture with 30 mL of water, followed by the slow 
@ad2tion of perchloric acid with stirring. After cooling 
at 0°, the product was filtered off and recrystallized 

from dilute perchloric acid. The solid obtained was 
charged onto a column of Dowex 50W-X2 resin and isolated 

as described previously. The complex was recrystallized 
from dilute perchloric acid, washed with ethanol and 

ether, and air-dried. 


CONCGCH.CO Cyc eos 


3)5 20° 4) 3? 
Moen 1S 52.) round: Cs 8.427 HH; S2553) Ny edoasee 


moet. Calca for [ (NH CH] (C10 
Preparation of this complex in sulfolane with mild 
heating (40-45°C) reduced the reaction time to 2 h. The 
complex can also be prepared using acetone as solvent 
instead of sulfolane, and without the addition of CF3S03H. 


The reaction time at room temperature was 10 h. 


7. Cyanoacetic Acid Complex, [(NH,) ,—CONCCH,CO,H] (C10,),- 


A 2.5 g sample of the methylcyanoacetate complex was 


dissolved in 70 mL of 3 M HCl and allowed to react at room 
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temperature for 24 h. The reaction mixture was filtered 
and then treated with concentrated perchloric acid. After 
standing at 0° for several hours, the orange solid was 
collected and subjected to cation-exchange chromatography 
on Dowex 50W-X2 resin. The eluent concentration was 
increased from 0.25 M NaCl to 1.0 M NaCl (pH 4.8) in 

order to separate the cyanoacetate complex from the more 
easily eluted chloropentaamminecobalt (III) impurity, 

and from the more difficult to elute unreacted methyl- 
cyanoacetate complex. Treatment of the physically 

isolated cyanoacetate band with 6 M HCl removed the complex 
from the resin. Addition of concentrated perchloric 

acid effected precipitation of the desired complex. 

The product was recrystallized from dilute perchloric 

acid, washed with ethanol and ether, and air-dried. 

CoNCCH 


Bnal.ACaled form f(NH CO,H] (C10,) 3: Gye6ecess 
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8. Malononitrile Complex, [ (NH) ,CONCCH CN] (C10,) 3- 


Into 10 mL of sulfolane was added 2 g of freshly 
vacuum distilled malononitrile. The mixture was allowed 
to stand over molecular sieves for 4 h. The sieves were 
removed by filtration and 20 mL of sulfolane, 2.8 g of 
Eisiisand 024 grof CF .50,H were added to the filtrate 


with stirring. After standing for 18 h at room temperature, 


the bright orange solution was added slowly to 300 mL of 
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rapidly stirred ether. The resulting oil was washed 
three times with ether by decantation and recrystallized 
from dilute perchloric acid. The product was dissolved 
an 0.1M HBr, filtered, and 10 g of LiBr added to the 
filtrate. The solution was cooled and a pink impurity 
was removed by filtration. The filtrate was heated with 
solid NaClo, and after cooling, yielded a yellow 


precipitate which was collected by filtration. The treat- 


ment with HBr, LiBr and NaClO, was repeated. The resulting 


4 


product was recrystallized from dilute perchloric acid, 
washed with ethanol and ether, and air-dried. 


Anal. Calcd for. »[ (NH CONCCH.CN] (C10,) 3: Ce. 08: 
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9. Chloroacetonitrile Complex, [ (NH, ) ->CONCCH,C1] (C10,) 3. 


A. .3.3. 9 sample of, freshly distilled. chloroaceto- 
nitrile was dissolved in 40 mL of sulfolane containing 
molecular sieves. , After standing. for 4h, .the, sieves 
were removed by filtration and 3 g of II-1, 0.5 g of 
CF3S0,H and an additional 20 mL of sulfolane were added. 
The solution was allowed to stand overnight at room 
temperature. The reddish-orange solution was added slowly 
to 500 mL of rapidly stirred ether. The oily residue 


obtained was washed three times with diethyl ether and 


air-dried. The product was dissolved in 0.01 M HCl, 
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filtered and then precipitated by the addition of solid 
NaClo,. The orange solid was recrystallized twice from 
dilute perchloric acid, washed with ethanol and ether, 
and air-dried. 

Pea... Calcd for '[(NH 


CONCCH,C1] (C10 C, 4.64; 


3)5 4)3? 
Pete Ne 16523. Found: C, 4.54; H, 3.34: N, 15.93. 


10. Iodoacetonitrile Complex, [ (NH) .CoNCCH,T] (Cl0,) 4+ 


The iodoacetonitrile ligand was prepared from 


chloroacetonitrile using the procedure of Merbach and 


Bunzlilce The cobalt(III) complex was prepared by 


dissolving 6 g of iodcacetonitrile into 20 mL of sulfolane 


containing molecular sieves. The solution was allowed 
to stand for 6 h. The molecular sieves were filtered 
Seteang 2 O0=mi OL subrolane ;-'6"'g "of It—Ivand Sdrops-of 
CF3S03H were added. The solution was allowed to stand 
at room temperature, and after 20 h, the mixture had 
partially reacted to form a reddish-orange solution and 
an orange precipitate. The solid was redissolved by 
addition of 20 mL of sulfolane and the reaction was 
allowed to proceed overnight at 40°C. The warm solution 
was added slowly to a stirred solution of 500 mL of ether. 
The resulting oil was washed three times with ether and 
air-dried. The residue was dissolved in 80 mL of 0.02 M 


HCl at 40°C, filtered, and perchloric acid added dropwise 


to affect precipitation. The yellow-orange solid was 
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recrystallized from dilute perchloric acid, washed with 
ethanol and ether, and air-dried. 


Anal. Calcd for [(NH CONCCH,I] (C10,) 3: C7 ode 


3)5 
Meow Nl se Oe ete OuUnds. C, 3.83; “H, 2.81354N, 13.71. 


li. Fumaronitrile Complex, [ (NH) -CONCCHCHCN] (C10,) 4. 


PesOiution Containing 4 9 of -II-l1, i.1 g of fumaro— 
HMitrile and 2 drops of CF,S03H in 20 mL of sulfolane was 
allowed to react at room temperature for 48 h. The 
resulting orange solution was added to a rapidly stirred 
mixture of 100 mL of 2-butanol and 500 mL of ether. The 
solid was collected by filtration, dissolved in 30 mL 
of 0.1 M HCl, and precipitated by addition of concentrated 
perchloric acid. The product was recrystallized from 
0.1 M perchloric acid and then subjected to chromatography 
On Dowex 50W-X2 resin in the HT form. The product was 
separated from impurities by elution with 2 M NaCl (pH 
4.5) and removed from the resin in a batch method with 
6 M HCl. Concentrated perchloric acid was added to the 
HCY solution to precipitate the perchlorate salts, This 
was recrystallized from dilute perchloric acid, washed 
with ethanol and ether, and air-dried. 


Anal. Calcd for [(NH CONCCHCHCN] (C10,) 3: Cy eof es 


3)5 
Poa Ow lees. poFounc:.C, 9.21; H, 3.21; N, 18.67. 
Subsequent work revealed that the ion-exchange step 


may be replaced by several recrystallizations from dilute 
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perchloric acid. The complex can also be prepared using 


acetone as solvent without the addition of CF3S03H. 


eharacterization of Complexes 


Electronic Absorption Spectra 


The wavelength maxima and extinction coefficients for 
the complexes synthesized are summarized in Table l. 
Two observations should be noted. Firstly, the band 
Maxima are at wavelengths more similar to those of nitrogen- 
om 
3) 5COOH, A 


Secondly, an absorption maximum is observed at 467-468 nm 


bonded (NH) ,co?* than to oxygen-bonded (NH 


for all the complexes regardless of whether the ligand 

as Only nitrile —unctwons or has a nitrile ,and,.another 
potential coordinating group. These results suggest that 
all the complexes are coordinated to cobalt(III) via the 
nitrile nitrogen. Indeed, the spectra closely resemble 
those of other nitrile complexes of (NH,) ,co>* reported 
previously. ?? For the cyanoacetamide complex, coordination 
through the amide nitrogen would be expected to yield a 


27,42 


complex with maxima in the 478-486 nm region. On 


the other hand, coordination via an oxygen atom of 
Cyanoacetamide, cyanoacetate or methylcyanoacetate should 


yield a band maximum at a wavelength greater than 500 


nm. 2/128 +32,43,44 In addition, with respect to the latter 


3+ 
system, coordinated ester complexes of (NH) 5Co appear 
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Table 1 


Visible Absorption Spectra of Pentaamminecobalt (III) 
Complexes® 
ee et ee SE a Oe ee 
Complex Visible Absorption Maxima 
-1) 


maxim (e,M~ tom 
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(NH3)gCoOH,°* P 492(47.5),346(44.5) 
(NH) gConH,3* 475(56.7), 339(45.8) 
(NH3)CoNCCH,°* © 468 (60.4), 335(52.6) 
(NH) -CONCCH,C(0)NH,>* 467(63.3),333(58.4) 
(NH ) CONCCH,CH,cN>* 467(60.7),333(54.4) 
(NH, ) sCONCCH,CO,CH4>* 467(64.3),333(58.9) 
(NH) 5CONCCH,CO,H?* 4 467(69.5),333(62.5) 
(NH3)sConccH,cn>* 4 467(62.9), 334(63.6) 
(NH) sCoNCCH,C13* 467(62.4),333(56.8) 
(NH) sCoNCCH,1>* 468 (66.7) 

(NH ) sCONCCHCHCN>* 467(74.3) 


ahi spectra recorded in 0.50 M HC10, unless otherwise noted. 

Ppixon, N.E.; Jackson, W.G.; Lancaster, M-J.; Lawrance, G.Ae; 
Sargeson, A.M. Inorg. Chem. 1981, 20, 470. 

“These values are in reasonable agreement with those reported: 

Jordan, R.B.; Sargeson, A.M.; Taube, H. Inorg. Chem. 1966, 5, 1091. 
dohese values are in fair agreement with those reported: Creaser, 
I.I.; MacB. Harrowfield, J.; Keene, F.R-; Sargeson, A-M. Je Am. Chem. 


BOCs 19S), 103, 3559. 
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to be labile to substitution. +4 The methylcyanoacetate 


complex isolated shows no such rapid decomposition in 


solution. 
Infrared Spectra 


The nitrile stretching frequencies of the complexes 
studied here are summarized in Table 2 along with the 
corresponding frequencies for the uncomplexed ligands. 
Coordination to cobalt(III) has increased the v(C=N) by 
45-80 om? Similar behaviour has been observed in 


a and is diagnostic of complex 


analogous systems 
formation via the lone pair on the nitrile nitrogen.“ 
Since this increase is observed in the cyanoacetamide, 
methylcyanoacetate and cyanoacetic acid complexes, this 
constitutes further evidence that the nitrile group and 
not other functions on the ligand are coordinated to 
Gobalt (TTI). For’ the dinitrile substituted ligands 
succinonitrile, malononitrile and fumaronitrile, complexa- 
tion produces two bands in the nitrile stretching region 
in agreement with a formulation in which one nitrile 

Pcoup ic coordinated to cobalt(III) while the other 
remains uncomplexed. The lower energy vibrations observed 
for these complexes are very similar to those of the free 


ligands, and on this basis, were assigned to the 


mncoordinated nitrile functions. 
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Table 2 


Nitrile and Carbonyl Stretching Frequencies for Some 


(NH) .Co?t Complexes 


REEVES) BRU b et Wie von A Rid ehie Oe ate 
1 1 


v(C=N),cm v(C=0), cm” 
Ligand Complexed® Free Ligand Complexed@ Free Ligand 
NCCH 2337 2253 
NCCH,C1 2323 2259» 
NCCH5I 2300 2243> 
NCCH5C(0)NH5 2327 20037 1722 1683° 
NCCHCO,CH4 2333 2260 1757 1750P 
NCCH,CO5H 2325 22804 1743 17287 
NCCH.CN 234172272° 22724 
NCCH,CH.CN 2328, 2260° 22542 
NCCHCHCN 2302, 2240° 2240° 


“spectra obtained using Nujol mills and KBr disks. 
Pspectra obtained as neat liquid. 


“This is assigned to the uncoordinated C=N from comparison to the free 


ligand. 
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Also given@in Table’ 2 are the carbonyl stretching 
frequencies for coordinated and free cyanoacetamide, 
methylcyanoacetate and cyanoacetic acid. Coordination 
PescObalt(IIifi) at either the oxygen or nitrogen in simple 


43,47 


amides Or tO Oxygen an esters** anGg= Carboxylic 


etgs er? 


has been shown to result in appreciable low 
energy shifts (15-150 em =) of the carbonyl stretching 
frequencies. In the present series, shifts to higher 
energy are observed. At least for methylcyanoacetate 
and cyanoacetic acid, the shifts are small (7-15 ome) 
and probably arise from inductive effects brought on by 
S@ordination of cobalt(III) to the remote nitrile function. 
For cyanoacetamide, the high energy shift is somewhat 
larger (40 enn This may reflect ’a loss of anter-— 
molecular hydrogen bonding between amide groups upon 
Seordination of the ligand to cobalt(III). 

Finally, all of the complexes studied showed the 
characteristic vibrations of coordinated ammonia for 
pentaamminecobalt (III) in the 3300, 1630, 1350, and 830 


1 : 
cm regions. 


NMR Spectra 


The proton chemical shifts for the complexes studied 
are given in Table 3. Spectra of many of these complexes 
could be obtained only if acid was added to the DMSO-d ¢ 


solvent. Sargeson and coworkers”” found that complexes 
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Table 3 


Proton NMR Data of Pentaamminecobalt(III) Complexes?" > 


Complex trans NH, cis NH3 Others 


3+ 


(NH3) .CONCCH, 6.71 6260 7.46(CH3) 
(NH) 5CONC (CH, ) ,CN>* 6.63 6.23 6.73-7.16(CH5-CH, )° 
(NH, )CONCCH,C(O)NH,** 6.60 6.17 5.94(CH,) 
2.50, 2.28(NH,) 
(NH) gCONCCH,CO,CH,°* = 6.61 6.21 5.70(CH5) 
6.30(CH3) 
(NH) .CONCCH,CO,H?* 6.68 6.26 5.70(CH,) 
(NH) .CoNC (CH) ,cN>* 6.56 6.22 3. 15-2.48 (CH=CH) 4 
(NH) «CoNCcH,c13* 6.61 6.18 4.95(CH,) 
(NH) sCONCCH,13* 6.53 6.13 5.81(CH,) 
(NH) sCoNccH,cN>* 6.50 6.12 5.1-5.2(CH,)® 


@Recorded in DMSO~d¢ + Shifts relative to the residual solvent protons 
at 7.48 T. 

1-2 drops H,S0, added. 

“complex multiplet due to non-equivalent -CHyj- groups. 

Scomplex multiplet due to non-equivalent -CH- groups. 


“Broadened resonance due to proton exchange. 
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containing an active methylene group readily deprotonate 
and that the carbanions generated undergo intramolecular 


electron transfertaccording to the reaction 


(NH) ,CONCCHR** eae ONE. + Coes NCCHR 


Addition of acid suppresses carbanion formation and 
subsequent decomposition. 

All of the spectra exhibit resonances in the 6.1-6.3 T 
aiae0-5-6./ teregions with .an intensity«ratio of 4:1. 
These resonances are assigned to the cis- and trans-ammine 
protons, respectively. Other resonances in the spectra 
are readily assigned by comparison to the spectra of the 
free ligands. It is worth noting that broadening of 
the methylene resonances in the malononitrile (ca. 12 Hz) 
and cyanoacetic acid.complexes..(ca...5Hz)..are-observed, 
suggesting proton exchange with the added acid is occuring. 
The cyanoacetamide complex shows two distinct resonances 
ger2.29 and 2550 t which: are assigned tomthe NH, protons 
of coordinated cyanoacetamide. The analogous resonances 
in the free ligand are observed at 2.38 and 2.69 T. Two 
resonances are observed because partial double bond 
character causes restricted rotation around the C-N bond 
in the carboxamide function.?? 

The proton NMR spectrum of the succinonitrile complex 
is shown in Figure 1. In addition to the characteristic 


resonances of the cis- and trans-ammine protons, an AoB, 
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spectrum? of the coordinated ligand is obtained. This 
arises because the chemical shift difference between the 
two -CH5- resonances is small relative to the coupling 
constant between them. However, a detailed analysis of 
the spectrum was not undertaken owing to the complexity 
of the splitting pattern and the fact that some of the 
resonances are masked by the trans-ammine protons at 
G63 < Ts 

Also shown in Figure 1 is the proton NMR spectrum of 
the fumaronitrile complex. Here an AB spectrum>? is 
generated for the ligand protons. The coupling constant 
was found: to be.16.5 Hz, which is. characteristic of a 


34 Therefore, 


trans arrangement around the double bond. 
the ligand has not isomerized during complexation to 


cobalt(III). The chemical shifts of the inequivalent 


Protons were.calculated.to); be 2.70 and 3.00 tT. Uncomplexed 


fumaronitrile exhibits a resonance at 3.16 T, and on 
this basis, the low field resonance in the complex is 
assigned to the proton adjacent to the nitrile function 


coordinated to cobalt(III). 
Kinetic Measurements 


All chromium(II) reductions were done in solutions 
deoxygenated with high-purity argon and handled using 
standard syringe techniques. The kinetic data for the 


relatively slow reactions (tj /5 > 60 s) were collected on 
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a Cary 219 spectrophotometer equipped with a water-circulat- 
ing temperature control system where water was passed 
from a thermostated water bath through the metal cell 
holder. Faster reactions were studied on an Aminco-Morrow 
stopped-flow apparatus modified in that two three-way 
Hamilton valves were added to the inlet system to permit 
anaerobic addition of reagents to the stopped-flow storage 
compartments. The drive syringes in the stopped-flow 
apparatus were thermostated with water circulated from 
a Colora constant temperature bath. The temperature was 
controlled by a Thermistemp Model 71 control device with 
the thermistor sensor in the temperature bath. The 
temperature was checked with a Doric Model DS-100-T3 digital 
readout thermometer coupled with a copper-constantan 
thermocouple which was periodically inserted into the 
storage syringe compartment. 

Data from stopped-flow studies were analyzed by an 
analog comparison technique. The transmittance time 
curves were stored on a Tracor NS-570 signal averager and 
then output to a dual trace oscilloscope for comparison 
to a synthetic exponential decay curve. The time constant 
for the synthetic curve can be changed by varying the 
resistance in the circuit. The system was calibrated by 
recording synthetic curves on an X-Y recorder and calculat- 


ing the rate constant in the usual manner. Values were 
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within 1% of those expected from the resistance setting. 
An uncertainty of +5% is expected in matching experimental 
and synthetic signals because of signal to noise levels. 

Fopnteheschromsum(ELh) rreductions«of >the: fumaronitrile 
complex of pentaamminecobalt(III), the initial rapid 
reaction necessitated monitoring the reaction under 
second-order conditions (the ratio of reductant to oxidant 
was less than 5:1). The low chromium(II) concentrations 
used required special precautions to avoid oxidation of 
the reductant. Degassing of solutions was achieved by 
passing high-purity argon through two chromium(II) 
scrubbers. To minimize the diffusion of oxygen into the 
argon flow, the argon was passed through tygon tubing that 
had previously been inserted inside thick-walled rubber 
iiping. Also, platinum syringe needles instead of the 
usual stainless steel needles were employed for both the 
degassing of solutions as well as the syringing of 
Reagents < 

The transmittance-time curves for this reaction were 
recorded on a Tektronix storage oscilloscope and were 
permanently recorded on Polaroid film. The rate constants 


were obtained from the equation 
Pl bileb/e) GA gen Meola, 2A.) 9) 3 = (b-a)kt + &n(b/a) (pe }) 


where b is the initial reductant concentration, a i1Ssinehe 


initial oxidant concentration, k is the second-order rate 
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constant (mt svt), and cs A, and A,, are the absorbancies 


at t = 0, t and ©, respectively. 

For most of the reactions studied, pseudo-first-order 
conditions were employed (the ratio of reductant to oxi- 
dant is greater than 10:1). Where monophasic behaviour 
was Observed, the observed rate constant was determined 
trom the slope of a plot of in(A,-A_) versus time. Such 
bLeots were usually linear to more than 95% of reaction. 

In other systems, more complicated kinetic behaviour was 
observed and reaction schemes of the type 


Sah % 


A —,» BB -~ C (2525 


and 


k k k 
wv 2 3 (2533) 


A ——~>> 1 B—_-_—_—~ -C —~” dD 


were required to explain the data. There is no simple 
equation from which the rate constants and extinction 
coefficients of the various species can be calculated 
directly from the data. Such data were handled using 
the procedures described in Appendix A. 

The activation parameters were obtained using the 


transition-state equation 
an(k/T) = -AH’/RT + AS*/R + £n(kk,/h) (2.4) 


where k is the specific rate constant, k, is Boltzmann's 


constant, R is the gas constant, k is the transmission 
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coefficient which is assumed to be equal to 1, h is Planck's 
constant, T is the temperature in °K, and AHT and As* 
ere the enthalpy and entropy of activation, respectively. 


3 and Ast were obtained by non-linear least- 


Values of AH 
Squares fitting of the kinetic data at these temperatures 


eoOrequation (2.4). 


Analyses 


Elemental analyses for C, H and N were performed by 
the Microanalytical Laboratory at the University of 
Alberta Chemistry Department. Special analytical 
procedures are described below. 

Cobalt: 

The percent cobalt in a cobalt(III) complex was 


22 A sample containing 


determined by the method of Kitson. 
about 0.02 mmole of cobalt(III) was dissolved in 5 mL of 
0.1 M NaOH and hydrolyzed near 80° for several hours. 

The solution was cooled, 2.0 mL of concentrated HCl 

added and heating continued for 20-30 minutes. After 
cooling, 2.5 mL of 50% aqueous NH,SCN and 25 mL of acetone 
were added. The solution was brought to 25°, diluted to 
50 mL with water and the absorbance at 622 nm recorded. 
The amount of cobalt present was calculated using the 
molar extinction coefficient of 1786 Main emt, 


The determination of the amount of cobalt(II) in 


an unknown sample was ascertained as above, except that 
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the base hydrolysis reaction and heating were omitted. 


Chromium: 

The chromium concentrations of solutions were 
determined spectrophotometrically after conversion to 
chromate. The oxidation of chromium(III) species were 
Perrired Out in baste_solution (final solution 1.0 M in 
NaOH) with hydrogen peroxide. Excess hydrogen peroxide 
was destroyed by boiling the solution. The chromium 


concentration was determined from the absorbance at 


2- 


372 nm where the extinction coefficient of Cro, is 


Mis 10° Mo om -. 


Stoichiometry and Product Analysis 


The stoichiometries of the chromium(II) reductions 
were determined by analyzing for the chromium(III) left 
after complete reaction of the limiting oxidant. The 
amount of chromium(III) remaining was ascertained by its 
reaction with excess iron(III) which was determined 
iodometrically. 

The products of reaction were separated using ion- 
exchange techniques. Dowex 50W-X2, Dowex 50W-X8 and 
Sephadex SP-C25 cation-exchange resins were used. The 
first two resins were pretreated with 6 M HC10,, distilled 
water, 2 M NaOH/13 H505, distilled water, 6 M HC1l0,, 


distilled water, 50% aqueous acetone, ethanol and distilled 
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water. The latter resin was pretreated similarly, except 
2 M HC104 and 1 M NaOH/1$% H,05 were used. 

Reaction mixtures were charged onto columns maintained 
at 2° and the initial ‘eluent collected and analyzed for 
free ligand, where possible. Elution was achieved by 
gradually increasing the concentration of NaClo, and 
HClO, in the eluting solution until separation into 
discrete bands was achieved. The bands were eluted off 
the column and characterized spectrophotometrically on 
a Cary 219 spectrophotometer. 

The molar extinction coefficients of the products 
were calculated on the basis of the chromium or cobalt 
concentrations which were determined as described 


previously. 
Instrumentation 


All visible and ultraviolet spectra were recorded 
using a Cary 219 spectrophotometer. Proton magnetic 
resonance spectra were obtained using Varian A56/60 or 
Bruker WH-400 spectrometers. "he NMR spectra were 
recorded using a Bruker WH-200 spectrometer. Infrared 
spectra were recorded in KBr pellets and Nujol mulls 
on a Nicolet-FT-7000 spectrophotometer. The pH measure- 


ments were made on either a Beckman Expandomatic or a 


Metrohm Herisau pH meter. 
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CHAPTER. Tit 


Chromium(II) Reduction of Cyanoacetate Complexes 


3+ 
of (NH, ) «Co a 


Introduction 


The chromium(II) reductions of several nitrile 
complexes of the general type (NH) .CONCCH,R°", where 
Re Hy “CN; “CH 


CN, -C (0) NH CoO CH, and CO.H, have been 


2 2 v3 

studied. Since adjacent attack at the nitrile function 

is not possible and since there is a saturated CH, between 
the nitrile and R functions, the results would be expected 
to reflect substituent effects on non-bridged-outer- 
sphere reactions. However, bridged-outer-sphere reduction 
for all but the acetonitrile complex is possible as well. 
In addition, Sargeson and coworkers”? have shown that 

the active methylene group in the cyanoacetate systems 

can lead to internal oxidation-reduction and electrophilic 


attack on these ligands. The active methylene group 


might also influence the chromium(III) reduction reactions. 
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Experimental 


The syntheses of the pentaamminecobalt (III) complexes 


studied here have been described in Chapter II. 


aoe ° 


Rede Dissociation Constant of (NH) -CONCCH 5 


co 


Spectrophotometric measurements were carried out at 
mecam ail WAT 6 »- 25.05 and-35,0°C. at, an, ionic) strength of 


Om 04M (EiC10--HCLO Bronmechl ito; 1 5. acidiweties. 2m tthe 


4 4): 
range 0.0008-0.495 M were studied at each temperature. 
Observations were made in a 5 cm path length cell ata 
Sever lt) concentration of 7.67 x Tae M, and in one 
Case, ate 25%0° Chand: sicobalt(@i )- |e. = 4243.9" x ero M. The 
data, which are listed in Table C-l of Appendix C, were 
fitted by non-linear least-squares to the theoretical 
equation derived in Appendix B. At 14.6, 25.0, and 
35.0°C, the extinction coefficients (ae deme \elofysthe 
acidic and basic forms were found to be 35.4 and 113.4, 
Bees sande 4127.6500and..52)16 and, 149.3, .svespectavely. 

The values are temperature dependent because they 
are on the side of a charge-transfer band. The acid 
dassociation,. constants atid4.6, 25.0 .and; 35.0°C ane 
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0.34) x 10° M, respectively. 
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Product Analysis 


AEter ithe reductions of the cobalt (II1T)»complexes 
were complete, the excess chromium(II) was air oxidized 
and the solution subjected to ion-exchange chromatography 
at 5°C on Dowex 50W-X2. The free organic product was 
eo1rected in the initial eluent, and the cobalt(II) and 
chromium(III) species were eluted with a solution of 
increasing concentration from 0.12 M Naclo, 1m 0 025 M 


mero, tO 0.50 M NaClO, in 0.10 M HC10,. Chromium-containing 


& 4 4 
fractions were characterized as described previously in 
Chapter II. 

The free organic products collected in the initial 
eluent were determined by a modification of the procedure 
of Tovelady.-° Two milliliters of aqueous sulfanilic 
eo (lL. 2: x RO Moin 0-36 iM HCl) ina 10.0 mE. volumerric 
flask were cooled in a refrigerator, and 0.20 mL of 1.2 M 
NaNO, was added. The solution was allowed to stand in 
Pie refrigerator for 10 min, and then it was treated with 
1 mL of 6 M NaOH and an aliquot of the nitrile solution. 
The solution was diluted to 10 mL at room temperature and 
the absorbance was recorded at 490 nm, 2.5 min after 
adding the nitrile solution. Tests showed that Beer's 
law was obeyed for up to 2.44 ug nee of cyanoacetic acid 
ana tor up to 3.30 ug m1~+ of cyanoacetamide. Since the 


colour is not very stable, the analyses were always done 


in parallel with solutions of known concentration. However, 
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the results were quite reproducible from day to day -if 
the same procedure was followed strictly. Since ethyl- 
cyanoacetate is known to hydrolyze rapidly”? in the basic 
conditions of the analysis, the methyl ester was assumed 
to be similarly reactive, and cyanoacetic acid standards 
were used for comparison in the ester analysis. This 


procedure was found to be unsatisfactory for the determina- 


tions of acetonitrile and succinonitrile. 
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Results 


The rates of the chromium(II) reductions of the 
acetonitrile, succinonitrile, cyanoacetamide and methyl- 
cyanoacetate complexes of pentaamminecobalt(III) were 
found to be independent of the hydrogen ion concentration, 


and obeyed the rate law 


=O |COobalt (ELL) | 
at 


The kinetic data are given in Table C-2 of Appendix C. 
A summary of the rate constants and activation parameters 
is given in Table 4. 

The reaction products of solutions which were air 
oxidized after 10 half-lives were determined by ion- 
exchange chromatography on Dowex 50W-X2 resin. The results 
are given in Table 5. The chromium(III) product in each 
case was identified as emconeies: on the basis of its 


visible absorption spectrum which has maxima at 407 and 
ue 


574 nm with extinction coefficients of 15.6 and 13.4 M~ cm. 


respectively.>°® Pesentvaliy™quantitative recovery of free 


3+ 


figand and Cr(OH was observed for the cyanoacetamide 


2) 6 
and methylcyanoacetate systems. The high yield of 

3+ 
chromium(III) is due to the production of some Cr (OH,) ¢ 
during the air-oxidation of excess chromium(II). Because 


of the lack of a satisfactory method of analysis for free 


acetonitrile and succinonitrile, the amount of free ligand 


KLcobalt( fT) + lenromaunulenia (ods) 
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Table 4 


Rate Constants and Activation Parameters for the Reduction of 
pebble th a i Nh rE th 8 ee 3M a Be a 


Nitrile Complexes of Pentaamminecobalt (III) by Chromium(II). 


SS SS SS SSE SSPE 


Temperature 10*xk, m71g71 arb 


eC NCCH3 NC (CH. )5CN NCCH,CONH, NCCH5CO5CH3 


SS 


25° 0.943(0.944) 2.54(2.52)  2.61(2.58)  2.34(2.34) 
35° qeIBe1 e710. ('A.35(4040) © 4025( 4c 37 ae eT 4a es 
45° 3.04(3.05) 7.72(7.67)° 7.40(7.27)  6.96(6.96) 
Autkcal mo17! 4 10.340.4 9.540.4 9.040.6 9.540.5 
Povesiomoi 'dege? 2 -331t1.4 9-234.12151%9 -35 81.98.9934, 241.3 


“Ionic strength 0.50 M (LiC10,-HC10,). 

evalues in parentheses are calculated from the least-squares fit to 
the transition=-state theory equation. 

“The temperature is actually 45.9°. 

derrors quoted are 95% confidence limits, and are about three times 


larger than one standard deviation. 
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Table 5 


Product Distribution for the Reduction of Nitrile Complexes 


of (NH) .Co3* by Chromium(II). 


(as ep alee aca al AU RMU all a eS eg, ENA Reet cia 
Product 


Reactant Concentration, M Distribution, ? %P 


103x 102x 
Ligand Temp, Rx. Time, [Co(III)] [Cr(II)] [Ht] Ligand cr(oH,),3+ 


AG: min 
NCCH)CH9CN 255.0 600 7.86 ece 0.100 ~ 98 
NCCH»CONH5 250 66 9.66 5.85 0.097 95.322.5 - 
5.0 480 hts Bare 0.100 96.522.5 A 
NCCH5CO5CH3 25.50 162 Waser! Sete 0.100 10612.4 123 


chromium(III) product was determined by ion-exchange separation and 


oxidation to Cro,477- Free ligand was determined in the initial eluant 


from ion-exchange separation by the sulfanilic acid test. 


Peased on total number of moles of cobalt(III) complex. 
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liberated could not be determined in these systems. However, 


3+ 
was observed 


practically complete recovery of Cr(OH,)¢ 
for the succinonitrile complex. 

The reduction of the cyanoacetic acid complex is 
qualitatively different from that of the four systems 
described above. The reaction is considerably faster and 
a major product is a dipositive chromium (IIT) complex. 
This species was separated from Gr(Ous by ion-exchange 
chromatography on Dowex 50W-X2, and was found to have 
absorbance maxima at 411 and 570 nm with extinction 


Soempcients of 22.4 and 22.3 ha ena respectively. This 


+ 
spectrum is essentially the same as that of (HO) ,Cr0,CCH,” Be 
and serves to identify the product as 

O 


i 
(H50) -Cr-O-CCH.C=N 


2+ 


fH Bes Wn 


The kinetic results for the chromium(II) reduction of 


(NH) ,CONCCH,CO,H?* are summarized in Table C-3 of Appendix 


Ge) The reaction is first-order in oxidant and reductant, 
and the second-order rate constant ae ae) increases with 


~ a 
decreasing fe ie However, a plot of (kK hsa? versus [H ] 


is not linear as shown in Figure 2. The direction of the 


curvature is consistent with the rate law 
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FIGURE 2. 


01 0.2 03 0.4 
[H*], M 


-1 
(El) and ee aoe 


3a 


as 
obsd 
with [H’] for the reduction of (NH) ,CONCCH,CO,H 


Zee 
by cr** ate one 2in 5050 Mo LiclO,-HC10,. The value 


of iS = 2.34 x 1072 uo pee was taken from the 


reduction of the ester complex. The dashed curve 


Variation of k 


is an eye guide only. 
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The plot should be linear if a = 0, but the magnitude of 
the curvature is not large enough to allow a realistic 
evaluation of "a". Nevertheless, the form of the rate 
law is consistent with the following reaction scheme: 


K 


Shs a. oe + 
————_I__» 
(NH) ,CONCCH,CO,H : (NH) ,;CONCCH,CO,*" + H 
2+ 2+ 
k Cr ko cr 
3+ 2+ 
ex(CH)), + NCCH.CO.H (H,0) .CrO,CCH,CN 
+ Coc? + 5NH Con SNH eoentaes) 


This scheme predicts that the ligand-transfer product 
(H,0) .Cro,ccH,cNn** arises solely from reduction of the 
unprotonated cobalt(III) complex and that cHONsSe* and 
free cyanoacetic acid are formed from the protonated 
complex. 


The predicted rate law gives the following second-order 


rate constant 


ok 
k. [H tk K 
mr Ee oa (3.4) 


k 
obsd Cie [H7] 


which has a form consistent with the experimental rate law 
(equation (3.2)). Unfortunately, the value of k, (=a) 
Cannot be established from the data, but the reaction 
scheme leads to the expectation that k, should be similar 
to the rate constant for the corresponding ester or amide 


imilar 
complexes. These complexes have the same charge, simil 
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structure and are reduced without ligand-transfer to 
chromium. In addition, the ester and amide have very 
Similar rate constants for reduction (Table 4). If ky 


is assumed to be equal to the rate constant for reduction 


of the ester, then a plot of (k ~~ tra versus [H’] 


obsd 
should be linear as shown in Figure 2. Since the ky 
correction to ea is about 15% at most, it makes no 


real difference whether the ester or amide rate constants 
are used. With ky fixed at the values for the ester, a 
least-squares analysis of the data gives the values for 
k, and Ke shown in Table 6. 
The proposed reaction scheme can be tested by 
independently measuring the acid dissociation constant 
Se 


CONCCH.CO.H 


of (NH3) 5 9005 - This was done spectrophotometrical- 


20% 


ly, as described in the Experimental Section. Unfortunately, 


the only significant difference in the spectra of the 
protonated and unprotonated forms occurs on the side of 
the charge transfer band. At the wavelength used, 260 nm, 
the absorbance of the protonated form is only moderately 
dependent on wavelength, but for the unprotonated form, 
the absorbance is increasing rapidly with decreasing wave- 
length. Although these are far from ideal conditions for 
a spectrophotometric analysis, the data can be fitted so 
that observed and calculated extinction coefficients agree 
within 1%. The results are shown in Table C-1 of Appendix 


Go The values of K, obtained at the three temperatures 
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TABLE 6. 
Kinetic Results for the Reduction of N-bonded Cyanoacetatopenta- 
amminecobalt (III) by Chromium(II).@ 


tee erect esvoneneente ce eater teres errant ete os areoumnrstensneeteestaeran 
Temperature 102 x Kye Ko, 102 KKS 7 M 


mn! a! M s 


LE ES SSG a EY 


14.9 4220 0.90320.053 © -3.0220c20. 93-420 -4307— 
25.0 2.34 2.1120. 10 2.7320.1 7 15.5820. 2 75 
35.0 4.06 4.00+0.35 2.8140.32 3.53+40.34° 

Aut kcal mo17! © EPEAT 

Ast cal mol! deg} & 15. 223.6. 

AH® kcal mo17t & -0.7441.44 

As® cal mol! deg} © -9.614.7 


Skrrors quoted are 95% confidence limits. 

bvalues for the reduction of the methyl ester complex, held constant 
during the data analysis. 

“values obtained from the spectrophotometric study. 

Gvalue at 14.6°. 


“values obtained by simultaneously fitting all the data at three 


temperatures. 
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are given in Table 6. 

The agreement between the spectrophotometric and 

kinetic K, values (Table 6) is considered satisfactory. 

The spectrophotometric values are about 20% larger, but 

the values at 14.9° and 35.0° agree within their respective 
confidence limits. It should be noted that the spectro- 
photometric values are concentration constants, and 
comparison to the kinetic values involves the assumption 
that the ratio of the activity coefficients of the pro- 
tonated and unprotonated forms remain constant as the 
medium is changed from essentially 0.5 M HClO, to 0.5 M 
Liclo,. 

The proposed reaction scheme was also tested by 
comparing the experimental product distribution to that 
predicted from the rate constants ky and ko. The results 
obtained are given in Table 7 and show that the fraction 
of ligand-transfer product increases as the acidity 
decreases. Since independent experiments have shown that 
the ligand-transfer product is stable to aquation under 
the experimental conditions employed, this observed product 
variation with acidity must represent a change in the 
product distribution from the reduction reaction. The 
tabulated results show that there is good agreement between 
the predicted and observed amounts of ligand-transfer 
product. The small differences observed may be due to the 


uncertainty in k,, or possibly to some reduction of the 
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Table 7 


Product Distribution from the Chromium(II) Reduction 


of Pentaamminecobalt (III) Cyanoacetate. 


A AAI CA LAL A A EE ON A Nn nce 


Reactant Concentrations, M Product Distributions, garb 
[Ht] 10°x[Co(III)] 10%x[cr(II)] (Hp0)gCro,ccH,cN2* NCCH,CO5~ 
0.400 4.56 1.41 82.9(86) 19.8(14) 
0.300 7.76 1.56 Bo.) (So) - 

0.300 7.78 1.58 85.7(89) - 
0.050 2.09 0.93 O92 (98!) 8.2(2) 


@chromium( III) product was determined by ion-exchange separation and 
oxidation to @r0, co. The free cyanoacetate was determined in the 
initial eluant from ion-exchange separation by the sulfanilic acid 
Fest. 


evalues in parentheses are calculated from the kinetic parameters and 


the proposed reaction scheme. 
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unprotonated complex by a non-bridged-outer-sphere path. 
If this outer-sphere path has the same rate constant as 
the ester, then the ligand-transfer percentage is lowered 
by about 1% at each acidity. In any case, the results 
Support the proposed reaction scheme. 

| Preliminary studies on the chromium(II) reduction of 
32 


3) 5CONCCH.CN , were also 


undertaken. The semi-logarithmic plots of the absorbance 


the malononitrile complex, (NH 


‘Change at 467 nm versus time were non-linear. This is 
attributed to the presence of some carboxamide complex 


formed by hydrolysis of the coordinated nitrile (k = 


4 60 


pee 0) 25°C ph 1-37" 10M Naclo7) according to 


meaction (3.5). 
O 


i 
CoNHCCH.CN** as 


3+ k GN wa 


CON=CCHZCEN + H,.O ——~> (NH 


(NH3) 5 5 > 


3)5 2 
(5) 

The carboxamide complex may form during the preparation 

and degassing of reactant solutions, and small amounts 


may also be present in the original sample. Therefore, 


the absorbance data were fitted to scheme (3.6) 


k! 
(NH. ) ConccH,cN>* peat dd TOL Ties 
ae 2+ 
CE 
O Ks 
(NH. ) CoNHCCH cn?t ——~ __ Products (36) 
345 2 cret 
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Appendix A. The kinetic results are summarized in Table 
C-4 of Appendix C. It is estimated that 10 to 20% of the 
carboxamide would form during reagent preparation so that 
the reaction with the larger absorbance change was 
assigned to reduction of the nitrile complex. The reduc- 
Eron or the ‘malononitrile complex is first order in 
oxidant and reductant and the second-order rate constant 


(ky) increases with decreasing baie Obeying the rate law 


ki = ait (3.27) 
“fb 
: [H"] 
The rate law is consistent with the following reaction 
scheme: 
SAM ae ey aye: 
(NH) ,>CONCCH,C=N~" ~——"—* (NH3) ,CON=CCHCN” + H 
cr?t ky 24 
k Cr 
il 
Products Csi) 
The proposed mechanism yields the rate law 
KPH OER LRSK 
Pigg Se Se Ae (3.9) 
4 K+ (H'] 
a 


However, it is known that the acid dissociation constant 


60. 
for the malononitrile complex is small in comparison 


to the acid concentrations (0.039-0.393 M) of the present 
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study so that equation (3.9) reduces to 


kok. 
ki = ky =p 7s (3251:0)) 


which is of the same form as that obtained experimentally 


feguation (3°7))-. Théetcalculated values ‘of kz and k K. 


i 2 
Pee mGes29 6 0429)eacsL 0 Met vscti and (1240 00029) x 107° 672 


mec? OCSO M Liclo0,-HC10,), respectively. Assuming that 
60 


the PK. @ritthe ‘complex is 5.7, the valuesor kis 
Mons te 


Z 


estimated to be (7.0 + 1.0) x 102 


Despite the relatively large scatter in the values 


of ks for the parallel second reaction, the reduction 


of the carboxamide complex appears to be first-order in 
both oxidant and reductant and independent of the acid 


concentration. The value for ky was determined to be 
(1.01 + 0.15) x 10°27 M* s"* (25°C, 0.50 M LiclO,-HC1O,). 
A preliminary product study was undertaken. A 


Sher 3} 


solution of (NH,).CONCCH.,CN (A. 9x 1 0S ees) neo Soem 


a5 
HClO, was allowed to react for 70 minutes with chromium(III) 
(250 x ‘ene My.) During this time, essentially all vot the 
malononitrile complex should undergo reduction whereas 
most of the carboxamide complex will remain unreacted. 

The reaction mixture was air-oxidized and charged onto a 
column of Dowex 50W-X2. Although no attempt was made to 
quantify the results, large amounts of cobalt(II) were 


3+ 
detected and the sole chromium(III) product was Cr (OH,) ¢ : 
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In addition, a small amount of a yellowish-pink material 
was detected. Although the fraction was contaminated 


with EtOH) fe its electronic spectrum in 0.50 M HC1O, 


revealed maxima at 481 and 345 nm, in good agreement with 


the previously reported spectrum of (NH3) 5 Ps 
60 


in 0.01 M NaOH. These observations indicate that the 


CoNHC (0) CH5CN 


carboxamide nitrogen is not significantly protonated in 
o. 50 M HClO), due to the electron-withdrawing -CH5CN 


substituent. 
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Discussion 


The kinetic parameters for the chromium(II) reductions 
of the pentaamminecobalt (III) nitrile complexes studied here, 
as well as some by other workers, are given in Table 8. 

For most of these systems, the rate constants are remark- 
mem constant at -(2.3.41'0.3) x Lon Me a4 with 
correspondingly similar activation parameters. The rate 
constant given for the benzonitrile complex will also 

fit this pattern if the ionic strength effect on the rate 

is the same as that found for the acetonitrile and cyano- 
acetamide complexes. Only the malononitrile and cyano- 
acetate anion complexes, which will be discussed separately, 
and the acetonitrile complex deviate from this pattern. 

The invariant nature of the rate constants and 
activation parameters imply that a common mechanism may 
be operative for these systems. Indeed, product analysis 
experiments on these systems have shown that the products 
of reaction are always free ligand and rinse indica- 
tive of a non-bridged-outer-sphere mechanism. That such 
a mechanism is operative for the complexes studied here 
is not surprising. The acetonitrile complex has no remote 
substituent for attachment of the reductant and must, 
therefore, proceed by a non-bridged-outer-sphere mechanism. 
On the other hand, while the cyanoacetamide, succinonitrile 


and methylcyanoacetate complexes do have additional 
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Table 8 


Summary of Kinetic Parameters for the Reduction of Nitrile 
Complexes of Pentaamminecobalt (IIT) by Chromium(II). 


eminem ete Beet ete, ee eee nee 
Nitrile 102xk(25°),4 Ant, Ast, 


Ligand Ms kcal mo17! cal mol! deg”! 


eee eee we were 


NCCH, 0.94(2.0)P 10.240.4 =33.141.4 
NC (CH. ) 5CN 2.54 9.5+0.4 -34.141.1 
NCCH.,CONH, 2661563)" 9.0+0.6 -35.611.9 
NCCH»CO,CH3 2.34 9.5+0.5 -34.241.3 
NCCH,CO, 211 12.5 4eu -15.2+3.6 
NCCH.CN 6.29 ~ ~ 
NCCHCN 700 ~ - 
Cinnamonitrile® 2e2 8.820.9 -3713 
Furanacrylonitrile® 2.0 9.5140.8 -34+t4 
4-Acetoxybenzonitrile© 224 Ps bee -36+4 
Benzonitrile® 4.27 = = 


“values in 0.50 M LicCl0,-HC10,4 unless otherwise noted. 

Pweasured in 0.10 M HC10,-0.90 M Liclo, at 25°; value agrees with that 
in 1.0 M HClO, reported by Hua, L.H.-C.; Balahura, R.J.; Fanchiang, Y.- 
Te; Gould, E.S. Inorg. Chem. 1978, j7, 3692. 

Spurcell, W.L.e; Balahura, R.J. J. Am. Chem. Soce, 1976, 98, 4457. 

“In 1.0 M HClO,, Balahura, R.J.; Wright, G-B.; Jordan, R.B., J. Am. 
Chem. Soc., 1973, 95, 1137. 

“Measured in ionic strength 1.0 M (HC10,-LiC10,)- 
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60. 


functional groups capable of serving as binding sites for 
chromium(II), they do not have an inner-sphere pathway 
available. The presence of a saturated methylene group 
in the ligand destroys the conjugation between reductant 
and oxidant that is necessary for effective mediation of 
an electron by an inner-sphere process. 

Clearly, the results obtained for the cyanoacetate 
anion complex are considerably different from those 
systems just described. The rate constant for reduction 
is about 100 times larger and the reaction has been shown 
to proceed with ligand-transfer to chromium(III). These 
Observations imply the formation of a bridged intermediate 


of the type 


0 

(NH.).Cot++n=ccH.c 
3/5 2 BP 
OCT (OH,) 5 


Tiin2 


That such an intermediate should provide a facile 

route for reduction of the cobalt(III) complex is unusual 
since it would seem to require inner-sphere electron 
transfer through a saturated ligand. However, this need 


not be the case since the geometry of the bridged inter- 


mediate can be pictured as 


| H 
a H 
“ai va 
— Cr—oO ° 
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This representation shows that the coordination 

spheres of cobalt(III) and chromium(II) can be brought 

in close enough contact to facilitate direct electron 

transfer between the metal centres by an essentially 

outer-sphere mechanism. This is an example of electron 

transfer proceeding by a bridged-outer-sphere mechanism. 
Although the possibility of such a mechanism for 

reduction has been recognized for some time, the number 

of systems thought to proceed by this route are relatively 

few. Unfortunately, for many of these systems, the 

results are inconclusive. For example, in their study 

of the iron(II) reduction of oxygen-bonded (nitrilotri- 

acetato) pentaamminecobalt (III), Cannon and Gardiner®+ 

obtained evidence for the formation of a precursor complex 


III-3 in which electron transfer would proceed by a 


bridged-outer-sphere mechanism. 


O | a 
N Fem 
rly 2.0 a a 
Fe ——0O 
a 
| 
Lal 3 III-4 


However, they were unable to rule out formation of a second 


intermediate III-4 in which inner-sphere electron transfer 
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via the briding carboxylate could occur. Indirect evidence 
for a bridged-outer-sphere mechanism was also obtained 
in the chromium(II) reduction of u-malonato- and yu-dimethyl- 


malonato-dicobalt (III) complexes of type Tr Teseee 


NH, 
It1-—~ ere 


(NH3) ,Co Co (NH 


aoe yi 3)4 


O O 
OH 
Ee Tse 2) 


The reaction pathway with an inverse hydrogen ion 
dependency was believed to arise from acid dissociation 
of the remote carboxylate, followed by reductant binding 
and electron transfer. Isolation of either a binuclear 
enromum( tll) —-cobalt (lil) product or a dichromium(II1) 
species would have been evidence for a bridged-outer-sphere 
mechanism. Unfortunately, only mononuclear chromium(IIT) 
products were isolated. Presumably, reduction of the 
second cobalt(III) centre is faster than the first and 
any dichromium(III) species that may be formed decomposes 
before the products of reaction are isolated. 

A particularly significant example of bridged-outer- 
sphere electron transfer was demonstrated in the study of 


2+ 
the chromium(II) reduction of (NH) ,;CONH)CH)CO, and the 
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analogous §-alanine complex.7? oy Kes*eu ie: found 


that ligand-transfer to chromium(III) occurred for both 
complexes and observed a rate constant of 2.5 mt se 
for reduction of the glycine anion complex, a value that 


is very similar to that found in the cyanoacetate system 
el mt sa However, contrary to their assertions, the 
reported electronic spectrum of the chromium(III) product, 


with maxima at 402 and 560 nm, does not correspond to that 


3+ 
2CCH NH 


63,64 


of (HO) ,Cro which has maxima at 411-412 and 


Be Oo hoenm. The product analysis experiment described 
by Sykes et ani? has been repeated, and a product with 
enrextinction cocificient of 2006 uot cm + at both 410 
and 574 nm was obtained, in good agreement with the 
electronic spectrum of (H,0) gero,cca5nu,**,9°n°4 While 
the discrepancy in Sykes' characterization of the reduc- 
tion product has not been accounted for, the subsequent 
experiments do substantiate Sykes' conclusion that ligand- 
transfer to chromium(III) occurs in the glycine system, 
and as such, a bridged-outer-sphere mechanism is operative. 
The observation that a bridged-outer-sphere mechanism 
is operative in the glycine and cyanoacetate systems and 
not in the closely related cyanoacetamide, methylcyano- 
acetate and succinonitrile complexes leads to the conclusion 
that complex formation of chromium(II) at the available 


binding sites for the latter series is not as favourable 


as in the former. This probably arises from the lower 


2 44 


‘poner **) te. 5 donee Sanene 

Asiod tot “be taRe CRAM ergmontD oF | 
fe A cus secitene atisy 8 boviondo . 
ted? sr iny. Ss a epioveie- te bTey aon 
maveye osaseuRane ae ad brvat sade of tal ab ¥ 
eit Hoy Tapes — od TES isMAD <Tevetou — a 
.2onfietg (DDE) am borne mia to- Cs LIOeES otada ': D. 's Eye 
ad Bangeer.és Som Zee Gea she ang 508 on st te | 
b-T {8 28 use ‘end eph ria : © SMHS e 22,10 

be, 89 5 i 


Gi 
? 


nndbiaaaab: anemesaxs. abevbeke sauberes wae 

iw goeShwie « hats fast gts ienatl ut * ‘is jo.8 

of3 ited de at Poy te A 20 dantetatads bibs 

oh7 -sedw a conees Sony: a sfonde enw. 

il © soisenizeaaawanto ‘eedye af yeqaders 

+reupesdum ofa OZ, fagawonpe nied sunspiiapiie 

-boapll tedd said hones, Head etegsnatudve ob 

mite soivgio aud as zune (REx) ar tnoxds ot 2 

-ovisexwzaqe al ngdncstoem papeigeraee vor bmpbia noes a 

me. Lees ain saeniter na ube heim  teatp potsernegde Ae 

frie amodaye alataosgne Bas vn ate Sht OS @y, 

~onig yori vehdan ae. bed ater eiaeake a +. 

notaulotus aft 07, eluel atenion Linon asad0' 


ae Ap 


Sideltews ois de (Ry oigemorgiio to arc . mS 08 


a. 


+ 
~ 
ots 
; 
+s! 


aa 


| widdawdeen as og af asi tae “setael ae 20% ae ie pats r bab . 
i ie 7 
tewoi ote: mort déaxve NAA eit 2 aan —_ 2k a 
i x i - 
" | wa = ih | i 
‘tg | ny 
7 a ' }: at 


basicity of these remote functional groups compared to 
carboxylate. The higher charge of the complexes in this 
series (3+ as compared to 2+) would also hinder complex 
formation with chromium(II). In addition, the succino- 
nitrile complex possesses a longer chain of atoms which 
can adopt a greater number of orientations that are 
unfavourable for bridged-outer-sphere electron transfer. 
This would result in a lower probability of reduction 
proceeding by this mechanism. 

While the bridged-outer-sphere mechanism seems to 
be the simplest way to account for the observations 
with the cyanoacetate and glycine complexes of penta- 
amminecobalt(III), the active methylene group in the 


50,60 


former presents an alternative explanation via the 


tautomeric equilibrium 


O OH 
oe => 011 1! -w=cc=c 
i op aie 4 Ofer 
III-6 III-7 


The transfer of a proton from the methylene group 
to the carboxylate oxygen yields structure III-7 which 
has a conjugated system between the metal centers. 
Electron transfer through the organic ligand by an inner- 
sphere mechanism then could occur. If the reduction of 


the cyanoacetate complex did proceed in this manner, then 
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it could be argued that ligand transfer is not observed 
for the ester complex because the oxygen atoms in the 
enol form are not sufficiently basic to coordinate to 
chromium(II). Similarly, ligand-transfer product would 
not be observed from reduction of the cyanoacetamide 
complex because the expected proton transfer to oxygen®> 
would leave the chromium(II) on the amide nitrogen not 
in conjugation with cobalt(III). However, such tautomerism 
does not account for the observations with the glycine 
complex. Glycine lacks sufficiently activating organic 
groups to cause such tautomerism, and even if the 
tautomerism did occur, it would not provide a conjugated 
pathway between the metal centers because of the presence 
of the saturated NH, group. In view of the great kinetic 


2 


Similarity of the glycine and cyanoacetate systems, the 
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bridged-outer-sphere mechanism is the best way to rationalize 


the results. 


The activation parameters for the chromium(II) reduc- 
tion of the cyanoacetate anion complex are given in Table 
8. The values of AH’ and As* are significantly different 
from other entries in the table and may in themselves 
illustrate that a different mechanism is operative for 
this system. As a result, the 3 kcal mol? higher AH* 
may simply reflect the additional requirement of twisting 


the ligand-chromium(II) system to within the outer-sphere 
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interaction distance of cobalt(III). Taube et al. have 
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suggested that the very negative values of Ast Found for 

3+, 2+ charge type reactions [Caw —30.Car neal = deg +) 

is largely due to concentrating the charge in the dielectric 
medium. As a result, the more positive Ast found for the 
Cyanoacetate anion complex may arise from its lower 

formal charge (2+) as compared to the other nitrile 
complexes in this series (3+). Indeed, since the source 

of this lower formal charge is the bridging group itself, 
Peewouserved decrease of ca._15-20.cal moi? deg ? would 


ou Unfortunately, activation parameters 


not be unexpected. 
have not been determined for analogous systems employing 
a bridged-outer-sphere mechanism for reduction. Until 
such time that this is done, the reasoning presented for 
these values remains speculative. 

Piecarl Ler report by Jordan,et Ene on the reaction 
of chromium(II) with the malononitrile complex of 
(NH) .Co>* indicated that the reaction was very rapid 
ia. 400 mt Seo The preliminary results presented 
Here disagree, with that,report. . The rate.of reduction 
of this complex is several orders of magnitude slower 
than previously reported and exhibits an inverse acid 
dependence. The acid independent term (0.0629 flee eae) 
is about three times larger than for other nitrile 
complexes (Table 8) that are believed to undergo non- 


bridged-outer-sphere reduction. This suggests that the 


protonated complex is reduced by a bridged-outer-sphere 
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mechanism through an intermediate of the type 


di a GaP 


TN=CCH C=NCr ° 


Tar 6 


as 
(NH) 5Co 9 


The absence of a ligand-transfer chromium(III) product 

seems to argue against the bridged-outer-sphere mechanism. 
However, as will be discussed in greater detail in 

Chapters IV and V, many nitrile-bound chromium(III) complexes 


3+ 


undergo facile aquation, and the absence of (H50) -CrNCCH CN 


2, 
in the products does not necessarily constitute evidence 
against the bridged-outer-sphere mechanism. 

If a bridged-outer-sphere mechanism is assumed to be 
Operative in the present system, then a comparison to the 
Cyanoacetate complex is in order. It is interesting to 
note that the rate constant for reduction of the 
malononitrile complex is about 30 times smaller than that 
for the cyanoacetate complex. This is consistent with 
the higher charge of the former (3+ as compared to 2+) 
and the lower basicity of the remote nitrile function as 
compared to the carboxylate group. In addition, molecular 
models show that the intramolecular distance between the 
two metal centres in III-8 is greater than for the 
analogous cyanoacetate system. All of these factors would 
be expected to reduce the relative reduction rate for the 
malononitrile complex in a bridged-outer-sphere mechanism. 

The inverse acid dependent path for reduction of the 


malononitrile complex can be rationalized by assuming a 
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bridged-inner-sphere mechanism in which the unprotonated 


complex is reduced by chromium (IT) according to reaction 


A121) 
(NH) ,CoNCCHCN** ‘F cr*t cn em [ (NH,) ,Co"*"NCCHCNCr*7]* 
Hq" (lial) 
SNH, + Gout (H,0) ,CrNCCH,CN>* 
As noted earlier, aquation of (H,0) ,CrNccH,cN>* might be 


expected to be rapid. An inner-sphere mechanism is 
possible in this case since deprotonation of the methylene 
Carbon provides a conjugated pathway between the oxidant 
and the reductant on the remote nitrile. The specific 
rate constant for reduction of the deprotonated complex 

is rather large (700 mt eee De although not unusually 

so when compared to the somewhat analogous cyanamide 


2+ Bae e lig ane 23 


complex (NH CoNCNH (aio LO. s 7) 


S75 
The inverse acid dependent path could result from 
attack of chromium(II) at the deprotonated methylene 


carbon to yield the organochromium product III-9. 


2+ 
(HO) -CrCH (CN) 5 


SELES, 


However, species III-9 might have been expected to be 


sufficiently stable to be detected in the product analysis 


Somer oay 


study. No such species was observed. 
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The second reaction observed during the reduction of 
the malononitrile complex has been attributed to the 
reaction of chromium(II) with the carboxamide ponies 
(NH) ,CONHC (0) CH,CN** Little can be said about the 
mechanism of reduction for this complex since the 
appropriate product studies were not undertaken. Based 
Paeene results Obtained for other carboxamide complexes, ~/ 7°? 
it is possible that reduction proceeds by attack of 


chromium(II) on the carboxamide oxygen by a bridged-inner- 


sphere mechanism. It is interesting to note that the 


+ 
rate constant for reduction of (NH, ) .CONHC (0) CH,CN* 
oO x 100 - ut ea) Tsysimirar to. that, ror the S-carpox— 
amidopyridine complex (1.65 x Wes Mae san) for which 
69 


inner-sphere reduction was proposed. 
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CHAPTER IV 
Organochromium(III) Complexes of Acetonitrile. 
ee ee ee ee ON ACE LODE 
pueroduction 


The first aquoorganochromium(III) species containing 


a chromium-carbon o bond was the complex (H50) Cr CH Gn oe 


isolated by Anet and Leblanc, ° Sincevthiswtimste work, a 


great number of similar organochromium(III) compounds have 


SSNS PIT AU a Mel Ce 


been prepared and their reactivity with other 


a 9 


reagents investigated. Although organochromium (IIT) 


Species have been prepared in a variety of wayesed bee? 
one of the simplest procedures involves the reaction of 


alkyl halides with chromium(III): 


2+ 
RCH, % 5 cr?* era ances RCH, ° a3 (HO) -Crx 


CAR) 


2+ 
Peureey (Orc 2 (H,0) gCrCH,R 


The RCH," radical generated via halogen abstraction by 
chromium(II) can react with a second equivalent of chromium- 
(II) to yield the organochromium(III) complex. 

In the present study, the reactions of chromium(IT) 
with chloro- and iodo-substituted acetonitrile have been 
investigated. In addition, the reactions of chromium (IT) 
with the (NH) ,Co™™ complexes of these ligands have been 


studied to determine what influence a coordinated, oxidizing 


metal centre has on the reactions of the ligand. 
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Experimental 


The syntheses of the pentaamminecobalt (IIT) complexes 
of chloroacetonitrile and iodoacetonitrile have been 


Gdescribed in Chapter II. 


Product Analysis 


Products of reaction were determined by charging 
reaction mixtures onto columns of Dowex 50W-X2 or Sephadex 
SP-C25 cation-exchange resin. Elution was achieved using 
increasingly concentrated solutions of perchloric acid. 

For those systems in which the isolated complexes were 
required for subsequent kinetic studies, the cobalt and/or 
chromium content of the fraction was determined as 
described in Chapter II. The acid concentration of the 
fraction was determined by passing an aliquot of the solu- 
tion through a column of Dowex 50W-X8 cation-exchange resin 
that was in the H* form and titrating the liberated acid 


with standard NaOH. A small correction to the acidity was 


made for the known concentration of the complex in solution. 


In order to ascertain the organic products of the 


reaction of NCCH,1 with chromium(II), reaction mixtures 


were analyzed by zc NMR spectroscopy. After the reaction 


had proceeded for 10 half-times, the reaction mixtures were 
air-oxidized. The resulting solutions were distilled and 


any volatile organic products were co-distilled with the 
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water, leaving behind any chromium(III) products. Distil- 
lations were done at both atmospheric pressures and at 0.3 
eorr.e4Solutions. of the distillate in: 103 D,O were prepared 
using (CH) 3COH as an internal standard, and the 134 NMR 


spectra were recorded. 
Kinetic Measurements 


All reactions were studied under pseudo-first-order 
conditions and, except for those systems listed below, 
all exhibited monophasic behaviour. 

The reaction of NCCH,Cl with chromium(II) showed 
biphasic kinetic behaviour throughout the electronic 
spectrum. The largest absorbance changes in the visible 
region were observed near 428 and 609 nm, wavelengths 
which are characteristic of (0) -Crely eye Complications 
arose in trying to fit the absorbance data at 428 nm 
Since both (H,0) ,crc1** and (H,0) ,CrCH,CN*", which is 
also formed in the reaction, absorb at this wavelength 
and both react with excess chromium(II) at different 
specific rates. -At. 609 nm, only (H,0) .crc1** absorbs 
and from independent studies it was determined that the 
second reaction observed in the reduction of NCCH,Cl 
corresponded to chromium(II) catalyzed aquation of 
fepoecrcl for which the rate law is of the form 

-d[ (H,0) ,crc1?*] Kk» [ (HO) gerC17*) [cr**] 


= 2 4 2 (4.2) 
dt [H ] 
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The value of k, was determined to be (2.29 + 0.07) x fis 


a 0. > OPM Liclo,-HC1O,), in good agreement with 


previous reports, °>"86 


considering the different reaction 
conditions. Absorbance-time curves for the reaction of 
NCCH,C1 with chromium(II) were obtained at 609 nm and 
subjected to non-linear least-squares fitting to the 


scheme 


uu D 


A —_——_~ B ———» C A (27.3) 


With Ky held constant at the value given above, acceptable 
values for k, were obtained. 

The reaction of (NH) ,CONCCH,C1** with chromium (II) 
was even more complicated. Data collected at 609 nm 
were fitted by scheme (4.3) while data collected at 417 nm 
were fitted best by the scheme 

k Kk. k, 

aR ——~ B ——~s C —~> dD ie. (4.4) 
The equations for both schemes are described in Appendix 
A. Data was collected for only as long as required to 
obtain a good fit for the first reaction. No effort was 
made to systematically determine the rate laws for the 


subsequent reactions. 
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Results 


NCCH,I + cre, 


The stoichiometry of the reaction of chromium(III) 
with iodoacetonitrile was determined by analyzing for 
the chromium(II) remaining after ten half-times. The 
analysis was carried out by oxidation of the remaining 
chromium(II) with excess iron(III) and determining the 
excess iron(III) iodometrically. The stoichiometry of 
mresceacti1On was found to be 2.09 + 0.01 Cr(IiI): 1.00 
NCCH. 1. 

Chromatographic separation of reaction mixtures of 
NCCH41 and chromium(II) on Dowex 50W-X2 showed that in 
addition to Se Oun se \ two other chromium(III) complexes 
were formed. The first species is assigned as CE ere 
On the basis of its elution properties, its electronic 


84 


spectrum, °4 and its hydrolytic instability. Presumably, 


it is formed by the halogen abstraction reaction 


2+ 
NCCH,1 ~ eyes acc eerernade ps SSls “5 (H,0) -CrI : (a55)) 


The second chromium(III) species isolated is a red product 
which elutes as a dipositive ion and is remarkably inert 
to hydrolysis. No decomposition is observed over a period 
of several weeks at 5°C. The electronic spectrum of this 
species exhibits maxima at 527, 409, 262 and 209 nm with 


-l -1l 
extinction coefficients of 40.3, 102, 4430 and 6460 M cm 


uzE 


abe 


a ao *"x 0399 tine DEES tot e-08) 1a 2 


if om oe: MOD 
ban pedi ar So 
a) ar, 


(itimbinesia 200 | > alah eel ie 


TE 


ot gether tee va 


a? Rear oe that dnd eon ‘pateckasees ctr) : 
onkd Lanes ats 7) “pOktaBiee v4 vista helwee x on 
att onkincara 19h Ras:  laubliodg aasoxo aa Ew @ 
bo vitammiseiods ane “syuitsaFezomnbot cana 


G04: [£)x3 £0,0 & oe ale beaeah anv 


-—; 


ar 
», 


40 asians rim ROLINESE. 70 psoas 
ni sett Frenette, es pret a, M3 ony La 
goed gaswo Am +) sehr, Mage! on 7 mn "a "a leg | 
gtOgll). ee ponpieds" ak sera 098 mt 
ohinotsens: ‘act phar: genre igo ness 


videniges ts en , 


tiosan ona diasiad al 


(2,B) se Te Oe Ry bh saad cali ae 
. ual} a 


Jn 
@ 


a. 


$QUDG RS hax Bb. at manta ais ise Leo nd 50 
ats ce thik x 7 
Seert yleas an om mt dye | wk oo 
ee yi Seraseds ak hat #Leoanons wm ait Byd © 


va i 
pol = 


a 


git? © mescnanee pinoxsaeie sett oe panei 
Adie mir WOS- brig SAS ‘ep NRE te. poo 


- i) | on sa 


respectively. The band maxima are characteristic of an 


organochromium(III) species and the complex is formulated 


as 


2+ 
(HO) ,CrCH CN 


Ved 


Its formation can be attributed to the reaction of a 
second chromium(II) with the generated acetonitrile 


radical 


NCCH, - + Cre? ——_> (H50) 


CrcH.cn*t 


5 2 ° (A 6) 


Funke and Espenson®’ have reported the preparation 
of complex IV-1l using a different synthetic procedure. 
However, the reported extinction coefficients are ca. 

35% lower than found in this study. In light of the very 
poor yield reported by Funke and Espenson, °/ it 1S La kelly 


: :; Cie 
that their sample was contaminated with Cr (OH,) ¢ : 


The relative yields of (H,0) ,CrCH,CN** as a function 
of ligand concentration are shown in Table 9. It is worth 
noting that the same guantity of the organochromium (IIT) 
species is obtained regardless of whether NCCH,I or 
chromium(II) is in excess. Nevertheless, 75% of the 
reaction yields products other than (H,0) ,CrCH,CN*". 


Since the only chromium-containing products of the reaction 


+ 3+ 
are (H50) -CrCH ona (epoyecri and Cr (OH) ¢ , the 


2 
unaccounted for products must be strictly organic in nature. 
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Table 9 


Ion-Exchange Analysis of (HO) gCrCH,cn?* Formed from 


the Reaction of NCCH5I with Chromium(II). 


102x [NCCH51], 102x[Cr(II)], ({H'], (HoG).czch cna’ — 
M M M % 
2245 9.28 0.100 25.0? 
6.90 9.28 0.100 ol Walch 


@netermined as chromate. 
Deased on total number of moles of NCCHo5I. 


CBased on half the number of moles of chromium(II). 
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In order to determine these organic products, rite NMR 
spectroscopy was employed. Solutions were prepared as 
described in the Experimental Section and the sole organic 
product detected was acetonitrile. This may imply that 
the acetonitrile radical intermediate can also react 

with excess chromium(II) to ultimately generate free 


acetonitrile. 


Peer ee NCCH. OF cr lon.) (ae) 
2 at Ss) Zaeb 

This would account for the substantial amounts of Colca )ead 
observed during the ion-exchange procedure. 

The kinetics of the reaction of iodoacetonitrile 
with chromium(II) were studied at 528 nm and the reaction 
was found to obey the rate law 

a 
d[(H,0) ,CrcH,CN**] on 
= k [NCCH,I] [Cr J c (4.8) 


dt 


The rate data are summarized in Table C-5 of Appendix C. 
The rate constants and activation parameters are given 


in Table 10. 
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The reaction of chloroacetonitrile with chromium(II) 


is qualitatively different from that just described for 


iodoacetonitrile. The reaction is much slower and exhibits 
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Table 10 


Kinetic Parameters for the Chromium(II) Reduction of NCCH, 1° 
Oe ee en EE ES BS EE a ae Te Ee ee ee) aE ir 


Tempe, k, Ant, Ast, 
°C m7? gut kcal mol7! cal mol! deg™! 
ADS 621620, 23 
25.0 9.17+0.41 5.4410.74 —-35.822.5 
35.0 13 320s 


@Tonic strength 0.50 M (LiC10,-HC10,)- 


Perrors quoted are 95% confidence limits. 


biphasic kinetic behaviour. Scan runs indicated that 

the first reaction produced (H0) ,crc1** which under- 
went chromium(II) catalyzed aquation®>® in the second 
reaction. Employing the data-fitting procedure described 
in the Experimental Section, it was found that the first 


reaction followed the rate law 


2+ 
d[ (HO) crcl ] 


dt 


The rate data are summarized in Table C-6 of Appendix C. 


2 


Tre value of k. was found to be (1.07 + 0.07) x 10. 


1 
=the | 


M Ss (25. ChO0¢S01M Lic10 -HC10,). 


4 


Although detailed product studies were not undertaken 


for this system, ion-exchange experiments indicated that 


: 2+ 
there was extensive formation of (HO) ,Crcl and 


BxiOu,)-- Although a distinct band corresponding to 
(HO) ,CrCH cn** could not be isolated, later fractions 


2 
Or the (Heo) crcl band indicated that some of the former 


Wasepresent. It was’ estimated that 5-10% (H,0) .CrCH,CN** 
was detected in this manner, a value that is in agreement 
with scan runs of the reduction which showed that the 

absorbance in the 410-430 nm region was higher than could 
be accounted for if only (H,0) .crc1** and Cr (OH) ,~" were 


formed in the reaction. 


= Re (NCCHD CT ].[Gs aii) : (4.9) 
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HO) CrCH GN’ + cr? 


The reduction of this organochromium(III) species 


was found to be first-order in both (H.0O) -CrcH cn? and 


2S 2 
chromium(II). However, upon varying the acid concentra- 


meron (0.393FTto 0.050 M), it was observed that the -second-— 
order rate constant ey ee increases with decreasing 


a tg ae ets ; . 
Ged Wise api 4 is linear, as shown in 


+ 
fae. © A plot of k 
Figure 3, and is consistent with a rate law of the form 


b 
=at 


k (4.10) 
b + 

obsd [Ht] 

Table C-7 of Appendix C gives a summary of the rate data 


obtained. The simplest mechanism consistent with the 


experimental rate law is 


K 
2+ — a + 
(H. O) 5CrCH> CN (H. 0), (HO) CrCH, CN + H 
Und ye es 
Products 


This proposed scheme yields a rate law of the form 


oe 
k, [H ie kK. 
(4.12) 


+ 
ia [H ] 


If it is assumed that K, << [H'], then equation (4.12) 


Simplifies to 
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with bse Bes for the reduction 
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which has the same form as that obtained experimentally 


(equation (4.10)). The calculated values of Ky and k 


were found to be (1.73 + 0.07) x 1077 ut st and 


fe2o272=0.70) x 107 Sah, respectively (25°C, 0.50 M 


si 


LiclO,-HC1O,). 
Scan runs of reaction mixtures at various acidities 
showed that prion. ye°? was the sole product of reaction, 


and not some more strongly absorbing species. 


2+ 


(H,0) .CrCH,cN** + Hg**. 


2 


Re 
The reaction of mercury(II) with (H50) -CrCH,CN was 


re-examined and compared to the results obtained by Funke 
and Espenson. °/ In agreement with that report, absorbance 
changes at 409 nm were found to correspond to the rate 


law 


cn?7] 
~ = k[ (H,0) ,CrCH,CN**] [Hg*"}  -O€4V1 4) 


~d[(H,0) -CrCH 


dt 


The rate data are summarized in Table C-8 of Appendix C. 


The second-order rate constant was found to be 8.7 + 0.4 


wl eo! (25°C, 1.00 M LiClO ,-HC10,). This value is in 


8 ee | 
reasonable agreement with the value 9.8 + 0.3M Ss 


Se iy iy ar 


; | * 7 pi a! 
. - y 4 } § A 7 . * 
(tI b i ) Z . : a “ne : > 


<n ail sSk m a 
tte fae ea a 
~ See i Tay a pe an 2 ENED ve 
H 0.0 SAR itn fy one OR 

/ 


eeitibios eyelitev 38 stunts sokzaee % eaure 
wGitoesi to Junphexd nbd, ae Bat aie 3) 420 
aRtoage eaitatedys — 


a HOOKS, (Oi) ahha ek 
atcari ya banieddo atiwests ‘eit ot nahn 
sonsdxouds ,taedaa Jens tiene sensors at 

spn dyth dd bridgeedson: hd pine’ iad mt 


; . i wt ., ? . a 
(oi.0) +. Ses t “pens a : 
=) i 


4 vn ay a oer 

2 eibnegcs. io nee order fuk ‘beri xacmwe xe | 8 

6.0.4. T.8 ec od: ii amesenos bain 
9 a0 


ye ee " 
at ai sviey abut 4 6) 2 oe 


ane i" 
Hae 
, 


« 

a ‘ , 
4 a) ; 
— \ 


iS 5. 


nay: Sy ae gue 
be eee | 
ia 7 7 ax 7 ? 


oo 


Woe, @1-.00 -M HC10,) which was reported previously by 
Funke and Espenson. °/ 
The visible spectra of reactant solutions at the 

completion of reaction were consistent with Gr (OH, Wee 
as'the chromium(III) product. No effort was made to 
ascertain the nature of the mercury(II) product. However, 
by comparison to analogous systems, /? the product is 

ones 


expected to be HgCH. 


See Jes 


(He) CONCCH, 177) 4+ cr”. 


2 


The stoichiometry of the reaction of chromium(IT) 
with the iodoacetonitrile complex of (NH) Co? was 
determined in a manner analogous to that described 
earlier for free iodoacetonitrile ligand. The results 
obtained indicated that the stoichiometry was 2.03 + 0.02 
Serr iw ir f00 (NH) 5CONCCH 1°". 

Preliminary product studies revealed that two major 
chromium(III) species were formed. Rapid elution of 
reaction mixtures on Dowex 50W-X2 resin revealed the 
production of a green, dipositive species whose electronic 
Spectrum corresponded to that of (Hp Ore? aes The 
second product was a highly-charged red species which did 
not move down the column even when eluting with a solution 
Of 0.5 M HC10, fie. 0: NaClO,. 


The nature of this highly-charged species was 


elucidated by using Sephadex SP-C25 cation-exchange resin. 
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After allowing the reaction to proceed to completion, the 
reaction mixture was air-oxidized, the solution diluted 


and then allowed to stand for thirty minutes. During 


2+ 


this time, aguation of (HO) .Cri to? Cr (On ai angele 


would be complete. °4 The solution was charged onto the 
column of resin and elution of the various bands achieved 
using increasingly concentrated solutions of Naclo, and 
HC10,. The results obtained are erriiniste i226 in Table ei. 
Essentially quantitative recovery of I was observed. 


This implies that the halogen transfer reaction (4.15) 


3+ 2+ 3+ 


(NH3) ,;CONCCH I + Cr ——> (NH) -CONCCH,- 


2 Fe, (4.15) 
+ (HO) -Cri 


: 24s 
is complete. The observation that no Co is formed 


during the reaction of the iodoacetonitrile complex with 
chromium(II) indicates that electron transfer reactions 
involving the cobalt(III) center do not occur in either 
the original complex or any generated intermediate. 


Therefore, reactions such as outer-sphere reduction of 


3+ 


(NH) ,.CONCCH af 


Z 


nr 2+ oh s 
(NH) CONCCH rt + cr? ——> CO + SNH, + Cr(OH.,) ¢ 


2 


+ NCCHoI 


(4.16) 


and intramolecular electron transfer of tHe radical 


intermediate 
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are not observed. 

A small amount of a yellow complex,which eluted as 
a tripositive ion,was also observed. Although this 
species could not be cleanly separated from CHUOH, Wamis 
enalysrs-of this, fraction showed that it contained cobalt 
memaneextent of )}cas 5% Of~ethat originally (present s9.0n othe 


basis of its elution behaviour and colour, this product 
3+ 
SS Ss yet ody 


emphasized that this assignment is speculative. Its 


is assumed to be (NH CoNCCH although it must be 


Bormacion could arise from the reaction 


+ 
H 
+ 3+ 
(NH. )' = CONGCH oh a cr? ——>_ (NH,) ~-CONCCH 
S53 2 Sr 3) 3 (4.18) 
3 ; 
+ Cr(OH,)¢ 
Such a reaction could be regarded as an outer-sphere 
electron transfer reaction between chromium(II) and the 
acetonitrile complex intermediate. Such a reaction would 
3+ 
help to explain the relatively high recovery of Cr (OH,) ¢ i 
2+ 


The latter is also formed from the aquation of (H50) -Cri 
88 
and from air-oxidation of excess chromium(III). 
The highly-charged red species was eluted from the 
column.with 1.0 M HC1O, and was found to account for 


essentially all of the cobalt initiallyipresent. yin 


addition, the chromium content of this band was determined 


(cf, 63 
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and the ratio of cobalt to chromium was found to be 
1.00:1.01. The electronic spectrum of this species was 
recorded and is shown in Figure 4. The absorption maxima 


are located at 477, 417 and 256 nm with extinction 


coefficients of 103, 102 and 6800 oe San. respectively. 


Also shown in Figure 4 is the spectrum of (H50) .CrCH cn?t 


2 


It is interesting to note that both complexes have maxima 
near 260 nm and in the 410-420 mm region. In addition, the 
band at 477 nm observed for the cobalt-containing species 


is suggestive of a nitrile complex of (NH owe These 


3 


observations coupled with its elution behaviour lead to 


the formulation of the complex as 


5+ 


(NH) ,CON=CCH Cr (OH,) 5 ° 


24 
Eve 2 


Complex IV-2 is formed presumably by reaction of the 
radical intermediate with a second equivalent of 


GEhromium(II) according to the reaction 


ae 2+ 
(NH) ,CON=CCH,-* ce AGE s ———Y- in te 
a 5+ , 
(NH) ,CON=CCH) Cr (OH)) 5 


It is worth noting that complex IV-2 exhibits remarkable 
stability in solution. No decomposition of the complex 
is observed in 0.5 M HClO, after several months at 5°C. 

Re ernie auedutcha-ormationsof~ (Nig hACONCCH Cr (One) eum 


from the iodoacetonitrile complex and chromium(II) were 
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studied at 477 and 650 nm. The reaction was found to be 


first order in both the cobalt(III) complex and chromium(II), 
and obeyed the rate law 


aliV—-2) 


= k[ (NH) 35 


ConccH,1°*] [cr?*] (4.20) 
i 5 2 


The experimental rate data are summarized in Table C-9 of 
Appendix C. The rate constants and activation parameters 


Permetiis reaction are listed in Table 12. 


(NH) ,CONCCH,C1°* + cr27. 


The reaction of the chloroacetonitrile complex with 
chromium(II) was also studied to ascertain whether it 
behaves the same as the iodoacetonitrile complex. Product 
analysis experiments revealed that quite different results 
are obtained. Because the rate of reduction of this 
@omplex is much slower than that for the iodoacetonitrile 
complex, reaction mixtures were allowed to proceed for 
only 3-4 half-times. This was necessary since it was 

Sr 


5CONCCH,Cr (OH) 5 p Which as alproduct c= 


the reaction, also reacts with chromium(II) over longer 


found that (NH) 


reaction times. In addition to the unreacted chloroaceto- 
2+ ; 
nitrile complex and (H50) crcl , which results from the 


halogen transfer reaction to chromium(III), two cobalt- 
2+ 
containing products were observed, Co and 


(NH) ,CONCCH, Cr (OH) 7" The reaction conditions and 
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Table 12 


Kinetic Parameters for the Reaction of (NH) .CONCCH,13* 


with Chromium(IrI)@ 


Temp., k, Aut, Ast, 

°C m7? g71 kcal mol7! cal mol7! deg” ' 
15.3 35 On 160 
Z> 0 A522 6 3.8020.55 -38.211.9 
34.4 607'520:..7 


@Tonic strength 0.50 M (Lic10,-HC10,)- 


Perrors quoted are 95% confidence limits. 
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relative distributions of the cobalt products are given 
in Table 13. The percentages cited are based on the 
assumption that no (NH) ,ConccH, ** is formed in the 
reaction. In light of the results previously discussed 
for the iodoacetonitrile complex, such an assumption 
should yield an error of at most a few percent. 

The results show that, unlike the iodoacetonitrile 
complex, Bese is formed during the reduction of 


3+ 


(NH CONCCH.C1 In fact; this reaction now constitutes 


a7 5 2 
morevthan half of the total ‘reaction.” This probably 


arises from the outer-sphere reduction of the chloro- 


acetonitrile complex 
er * + cr ee 


2 
oe af 
Co + 5NH3 +. NCCH.,Cl + Cr (OH,), e 


(NH3) -CONCCH (4.21) 


3+ 
This reaction also accounts for the Cr (OH) ¢ product 


of the reaction. Subsequent kinetic studies confirm that 
chlorine abstraction is likely to be competitive with 
outer-sphere reduction. The outer-sphere reaction is 
not observed with the iodoacetonitrile complex because 
halogen abstraction is over 500 times faster than with the 
chloroacetonitrile complex. 

Attempts were made to study the kinetics of the 
reaction of chromium(II) with (NH) ,CONCCH,C1>*. However, 


since the reaction is so slow, difficulties were encountered 
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Table 13 


Ion-Exchange Analysis of Reaction of (NH, ) sCoNCCH,c13* 


with Chromium(II). 


Reactant Concentrations, M Product Distribution, garb 
10°x[Co(III)] 10%x[cr(II)] (H*] co*t (NH3) gCONCCH,Cr (OH, )5>* 
3.29 4.20 0. 102 55.1 44.9 
3.92 4.10 0.188 53.4 46.6 


@Based on total number of moles of cobalt(III) complex. 


Pcobalt complexes were determined by conversion to Co(ScNn) 477. 
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in analyzing the absorbance changes attributed to this 
reaction. The reaction to be monitored is competitive 
with the chromium(III) catalyzed aquation of (Be O)eCrc laa ee 
and with the reaction of chromium(II) with 

(NH) ,CONCCH Cr (OH) ,°*. In addition, the reaction of 
chromium(III) with NCCH,Cl, which is liberated from outer- 
sphere reduction of the complex, is also competitive 

with the reaction to be studied. That all these reactions 
are operative explains the observed wavelength dependency 
of the absorbance changes. Nevertheless, the reactions 
were monitored at 609 and 417 nm and analyzed by non-linear 
least-squares fitting of the absorbance data to 2- and 
3-consecutive reaction schemes, respectively. These are 
described in greater detail in the Experimental Section 

and Appendix A. The results obtained in this limited 

study are given in Table C-10 of Appendix C. The initial 
reaction was found to obey the rate law 


afive2] 


NH) ,CONCCH, 


dt 


This second-order rate constant was determined to be 
(8.9 #0,7)°x01072¢m + 87+ (25°C, 0.50 M Liclo,-HC1O,). 
It must be emphasized, however, that this rate constant 


is only approximate because of the complexity of the 


system and the simplistic approach taken to analyze it. 


Gl aiicr | tua (4.22) 
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5+ 2+ 
(NH) .CONCCH,Cr(OH,),” + Cr". 


Shown in Figure 5 are the spectral changes associated 


with the reaction of (NH 


chromium(II). The reaction gave a monophasic decrease 


in absorbance at both 417 and 477 nm, and obeyed the rate 


law 


-~d{Iv-2] 
eee (Ch T=... 
dt 


The experimental rate data are given in Table C-1l of 


Appendix C. The rate constant was found to be (2.39 + 


O10) & 105° Mee ste (25°C, 0.50 M Liclo,-HC10)) . 


Because of the very slow rate of this reaction and 


the necessity of having large concentrations of chromium (IT) 


present to achieve a reasonably short reaction time, 


product analysis experiments were not undertaken. However, 


the relative absorbance changes and the spectrum of the 


: : : . 3+ 
final solution were consistent with Cr (OH,) ¢ 


chromium(III) species formed. Tests on reaction mixtures 


for Goce were poSitive. 


(NH) .CONCCH,Cr (OH). + Hg” 


Since mercury(II) is known to react with simple 
organochromium(III) species to yield organomercurials, 


studies were undertaken to see if a similar reaction 


5+ f 
3) s;CONCCH,Cr (OH), pe Va=Z2 owen 


as the sole 


4s. 


(4.23) 
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Absorbance 


300 


PeeGURE 5 « 


350 400 450 500 550 600 
Wavelength, nm 


Change in visible spectrum during reduction of 


+ 3 


MEN offerte a abe 
2 


5 
(NH CoNCCH,Cr (OH,) . Ma) by 


3)5 
chromium(II) (3.13 x 107° M ); [H'] = 0.28 M; 
254Cs rLonmic.serength.0.50.M (LiclO,); 5 emece |. 
The absorbance is decreasing below the isosbestic 
POINE et.577 nm.g |The spectral scans were 


started at 4, 48, 88, 128, 188, 268, 368, 508, 


608 and 1158 minutes after mixing. 
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occured with (NH) ,CONCCH,Cr (OH) .>*. The absorbance 


Changes associated with the reaction are shown in 
Figure 6. The absorbance maximum at 417 nm, attributed 
to the organochromium(III) entity is observed to disappear 
whereas the maximum at 477 nm, although its intensity is 
decreased and shifts to slightly smaller wavelength, is 
retained. Therefore, while the organochromium(IIT) 
moiety is destroyed, the pentaamminecobalt(III) remains 
antact. 

A product analysis study was undertaken. A solution 
3 


o - : 
3)5 2) 5 (5.5 x 10 M) in 0.100 M 
2+ 


HC10, was allowed to react for 3.5 h with Hg (05021) 


+ 


of (NH CoNCCH.Cr (OH 


and then charged onto a column of Sephadex SP-C25 resin. 
A blue band eluting as a tripositive species was observed 


and found to be Cr (OH). on he basiseof- its visible 


spectrum. A more strongly retained yellow fraction was 
also observed and was eluted from the resin with 1.0 M 


HC10,- The cobalt content of this fraction was determined 


and its electronic spectrum recorded. Maxima were 


observed at 471 and 335 nm with extinction coefficients 


om 15. band 6 726 ie om), respectively. These absorption 


bands occur in regions expected for nitrile complexes of 


(NH3) ,co””. A positive dithizone test for this fraction 


79,89 
indicated that the product contained mercury(II). 


Based on these results, the product is formulated as 
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PILGURE 6. 
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Wavelength, nm 


Change in visible spectrum during reaction of 


+ 3 


(NH) CONCCH,Cr (OH,) .” (220 0ne On or eee 


mencury (21) (2.01 +x ‘ies )> IH] = 0:08 M- 


2) Cs -lonzc strength 1.00 M (Licl0,); 5 cn cell 


The absorbance is decreasing with time. The 


spectral scan runs were started atl, 4, 8, 12, 


Poemeay ie mace, 72 and 151 minutes atte: 


mixing. 
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- A+ 
(NH3) ,;CON=CCH.Hg (OH) 


LV=3 


Product analysis results indicate that the ratio of the 


Onn 


starting material (NH. ) ,CONCCH.Cr (OH ) to the 


dane 5 
products Cr(OH,),°* and (NH,) -CoNCCH.Hg(oH.)4+ formed 
2° 6 Sys) 2. 2 

moet. 0070,9950.96. 

in an effort to-more- fully confirm the nature of 
this novel dimetallic organomercury (ITI) complex, a solid 
sample of the perchlorate salt of this complex was 
prepared and characterized by elemental analysis, visible 


lis NMR spectroscopies. 


spectrophotometry, and infrared and 
The results are shown in Table 14. Two observations 
should be noted in particular. A nitrile stretch at 
2269 cm + is observed which indicates that the nitrile 
function has not undergone hydrolysis to yield the 


ie NMR spectrum clearly 


carboxamide complex. The 
demonstrates the presence of cis- and trans-ammines as 
well as the methylene group. In addition, as shown in 
Figure 7, coupling between cae 15 Cl=— 61/2) pang che 
methylene protons is observed. This is conclusive 
evidence that mercury is coordinated to the methylene 
group and serves to substantiate the formulation of the 
complex as IV-3. 


The kinetics of this reaction of mercury(II) with 


(NH) ,CONCCH.Cr (OH) .>* Mav eeataaied at s417 mnie rhe 
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Results of Characterization of [(NH3 ) ;CONCCH»Hg(OH, ) ] (C104) 4 


Table 14 


nO % 


SS Ss? 


Elemental Analysis 


Anale Caica.: Co, 7.36; ‘C, 


Found: CO, 25 13 


Infrared? 


V(C=EN) 2269(s) 


Electronic Spectrum? 


-1 iz) 


A,nm (€ M cm 


max! 


471(75.6) 


335(67.6) 


ly wore 


cis NH3's, 6.28 T 
trans NH3, Gei2. < 


~CHo-, 7.49 16 


3( 199 d 


Hg-'H), 312 Hz 


Dennen a iaiaiatiarietartarintemari eres 


@spectrum obtained in KBr disk. 
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CRecorded in Me5SO-d¢- Shifts are relative to the residual solvent 


protons at 7.48 T. 


enh 030, 0 (e 7 


Recorded in 0.50 M HC10,. 


Hg-'H) is 361 Hz. 
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reaction was found to be first-order in both mercury (IT) 

and complex IV-2. However, the second-order rate constant 
: + 

(K sa? increases with decreasing [H ], obeying the rate 


law 


Posed . re : (4.24) 


The experimental rate data are given in Table C-12 of 
Appendix C. A mechanism consistent with this rate law 


is 


K 
ite et 4+ + 
(NH3) ,;CONCCH.Cr (OH,) ~ At (NH) CONCCH.,Cr (OH,) , (OH) + H 
Hg" Ko Heh 
ki g 
4+ 3+ 
(NH) ,.CONCCH,Hg (OH,) + Cr (OH) ¢ (42525) 


The predicted rate law gives the second-order rate constant 


+ 
Kobe bok K 
k a ae ee (4.26) 
obsd poe 
a 
If K. << eae then the rate law simplifies to 
bona (4.27) 
k =k, + : 
Of ~ 
obsd (H’] 


which has the same form as that obtained experimentally 


(equation (4.24)). The values for ky and kok, are 
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Discussion 


A summary of the kinetic results obtained in this 
study is given in Table 15. 

The kinetic results for the reaction of chloro- 
acetonitrile and iodoacetonitrile with chromium(II) indicate 
that the activated complex contains one mole of chromium- 
(II) for each mole of ligand. However, stoichiometry 
experiments indicate that these ligands are two electron 
oxidants since two equivalents of chromium(II) are oxidized 
for each ligand consumed. This suggests that one of the 
two reactants must proceed through an unstable oxidation 
state. A possible reaction scheme involves the initial 


two electron reduction of the ligand. 


a H Iv S 
NCCH,X + Cro ——» Cré’ + x” + NCCH, 
oo tera feclaacg yy (4228) 


S572 would be 


An intermediate chromium(IV) species 
generated which would subsequently react with a second 
chromium(II) to yield binuclear chromium(III) products, 
as shown in equation (4.28). However, in the present 
system, only small amounts of the binuclear product are 
observed and these can be easily accounted for by the 
air-oxidation of excess chromium(II). Therefore, it 


seems reasonable to conclude that an initial two electron 


redox process does not occur in these systems. 
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Table 15 


Summary of Kinetic Parameters for Formation and Reactions 


of Some Organochromium(III) Complexes 


SS SS SEY 


Reaction? K(25°), Ant, Ast, 


m7? 571 kcal mol7'cal mol 'deg™! 


NCCH5I + cr2t 9.17 5.4440.74 -35.8+2.5 


NCCH,Cl + cr2t 1.07x1072 


2 5.62107" 


ee 25 1.73x10 ~ + 


(H50) —>CrCH5CN sae Gag 


[4] 
(NH) .CoNCCH,13* + cr?* 45.2 3.8040.55, —38.211.9 
(tH, )CONCCH,C1°".+ cr¢* 8.9x10~7 
(NH) .CONCCH,Cr(OH,)5°* + Cr?* 2.39x107> 
(H50) .CrCH,CN2* + Hg** P 8.7 
-4 
(NH3) gCONCCH,Cr(OH5)5°* + Hg** P 3.49x107 7+ ea 
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@Tonic strength 0.50 M (LiC10,-HC10, ) unless otherwise noted. 


PIonic strength 1.00 M (LiC10,-HC104)- 
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A more likely mechanism involves a multi-step sequence 
of one equivalent oxidation-reduction reactions. Such a 
scheme has been frequently suggested for the reduction 


of other alkyl halides??/ 80-91-93 


and involves the initial 
transfer of the halogen from the alkyl group to 


chromium(II) according to the reaction 


NCCH,X + cr** + necu, - + aoe e : (4.29) 


Such a reaction scheme is verified by the isolation of 
the halopentaaquochromium(III) products and the observation 
that no reduction of free acetonitrile occurs in the 
presence of chromium(II). That halogen transfer is 
involved in the initial step of the reaction is inferred 
auso,.by. comparing *the relative rates. of, reaction of the 
chloroacetonitrile and iodoacetonitrile ligands. Iodo- 
Beetonitrile is reduced ca... 850 times faster than 
chloroacetonitrile, consistent with the lower bond energy 
home bonds compared to.C=Cl bonds.°7 This suggests 
that the reaction is governed principally by carbon to 
halogen bond breaking. A similar kinetic difference was 
observed in the reaction of haloacetic acid derivatives 
with chromium(II) .24 In addition, Sevcik and Jakubcova>* 
found that the reactions of chromium(II) with monohalo- 


genated derivatives of acetic acid, HO,CCH.X, have AS 
= 


2 


values essentially unaffected by the nature of X, (AS 


oo. cal mo1t deg +) but AH? decreases from 10.2 to 
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5.4 kcal mo1 + Onegoing trom. «= Ci to 1, ins suggests 
considerable C-X bond breaking in the activated complex. 
It is noteworthy that the activation parameters for the 

reaction of chromium(II) with HO,CCH,1°* are essentially 
identical to those for the iodoacetonitrile ligand. 

The acetonitrile radical generated by halogen-transfer 
to chromium(II) subsequently reacts with a second 
chromium(II). However, considerably less than quantita- 
tive recovery of the organochromium(III) species is 


obtained by this reaction. 


ae 
NCCH,* + 7 (H50) <CrCH,CN* (4.30) 


In the reaction with ICH5CN, 25% of the ligand is recovered 
as (H0) .CrCH,cNn**, whereas for C1CH,CN, less than 10% 

of the organochromium(III) complex is detected. This 

seems to suggest that there is no common intermediate 

for these systems since equal yields of the organochromium- 
(III) species would be expected, independent of the 

nature of the halogen. However, owing to the much slower 
reactions of the chloroacetonitrile system, chromium (IT) 
catalyzed aquation of (H,0) .CrCH,CN** becomes a problem. 
Independent experiments indicated that the decomposition 

of the organochromium(III) complex 


+ 
se @, 
2+ 2+ 3 
a 
(HO) ,;CrCH CN Cr 5 PS | ee (4.31) 


3+ 2+ 4 NCCH 
(H50) (Cr a maSe a 3 
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is indeed competitive with its formation from NCCH.Cl, 


2 
but not from iodoacetonitrile. This explains the 
Significantly lower yield obtained for the chloroaceto- 
nitrile system. 

Similar arguments cannot be used to account for 
the small yield of (H,0) .CrCHcN** obtained from the 
reduction of iodoacetonitrile since subsequent reactions 
are not competitive with its formation. -As such, the 
25% of the organochromium(III) complex indicates that 
other pathways of reduction are available to the 


acetonitrile radical. A possible reaction scheme is the 


ZoOllowing: 


2+ 
a_ (H,0) .CrCH,CN (4550) 
b 34+ oer 
NCCH,: + cr** 2» cr (OH,) , + NCCH, ——» NCCH, 
a 

es Ele game HO) _crnccH. >t —> 

c {(u,0) ,crnccH, \ ( 9) 5 3 
rea! 
3+ 
NCCH, + Cr (OH5) ¢ 


Pathway a is the radical coupling reaction of chromium (IT) 
with the acetonitrile radical, and has been described 
previously. Both pathways b and c lead to the formation 

of acetonitrile and Gn (OHS) aie, both of which were observed 


in product analysis experiments. Reaction b corresponds 


to reduction of the acetonitrile radical by a non-bridged- 
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outer-sphere mechanism, yielding the acetonitrile anion 
which would subsequently react with acid to yield free 
acetonitrile. Alternatively, reaction c suggests that 
chromium(II) can coordinate at the nitrile function and 
subsequently reduce the coordinated radical. The 
chromium(III) bound acetonitrile anion might then be 
expected to protonate rapidly, yielding the chromium(III) 
acetonitrile complex IV-4. Chromium(III) nitrile inter- 
mediates have been observed previously, but are subject 


95 or further reduction an which 


26 


to either rapid aquation 
the nitrile-chromium bond is destroyed. On this basis, 
decomposition of IV-4 to the observed products would be 
expected. 

Distinguishing between pathways b and c is not 
trivial. However, the observation that almost quantita- 
tive recovery of (NH,) ,CONCCH,Cr (OH,),°", Iv-2, is 
observed for the reaction of chromium(II) with 
3) ;CONCCH,1°* suggests that pathway c may be the 


+ : A : 
dominant one. If the (NH) .Co™ moiety is considered as 


(NH 


a blocking group on the nitrile function, then the essentially 
complete recovery of IV-2 in the cobalt(III) system is not 
surprising if the only alternative reaction pathway for 
reduction is attack at the nitrile group. On the other 

hand, for the free acetonitrile radical, the nitrile 

function is not blocked, and a large percentage of the 


reduction can occur by prior coordination at the nitrile 
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group. If simple outer-sphere reduction (pathway b) 


or 


accounted for the low yield of (HO) .CrCH CN in the 


2 
reduction of NCCH.,°, “nen a similarly low yield might 


have been anticipated in the cobalt(III) analogue. 
Low yields of organochromium(III) complexes have 


Been observed in other systems. In a series of*papers, 


844.96,97 


Sevcik and coworkers noted that the yields of 


on 


the: oOrganochromium(III) products (1,0) Cok obtained 


5 
from halogenated derivatives of acetic acid decreased 
99.375 HO) 
OFF 


in the following manner: R= HO.CCH CCHEL—, 


2 
that these 


Sane 
<40%; HO,CCC1o-, <20%. it! wasjisuggested 
low yields arose from the rearrangement of carbon- 
centered radicals such as HOOCCC1. to the more stable 


oxygen-centered radical OOCCHC1.. The latter species 


could react with chromium(II) according to the reaction 


: 2+ 
crt + OOCCHC1. Sea (H50) ,CrooccHcl, ° (4.33) 


This would account for the low yields of organochromium (IIT) 
species in such systems. However, ESR results indicate 
that while the odd electron is increasingly delocalized 
over the radical in this series, it is still primarily 
associated with the methylene carbon” As a result, 
radical rearrangement does not seem to be an acceptable 
explanation for these observations. 

Alternatavely, the wvariation in yield with halogen 


substitution might be due simply to the variation in 
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acidity of the radicals. The following reaction scheme 


could account for the observations: 


fe) 
ll: K mee + 
HO-C-C(R,R,) —_s O-C-C(R,,/R,) + H 
2+ 2+ 
ky Cr ky Cr 
O 
eae Reem onLyer H.O Log “3 
HD | fast 
- Il 2+ 
(HO) ,Cr-O-C-CH (Ry /R,) 
R,/R, SeOr L | (4534) 


Then, the product ratio is given by the expression 


+ 
[ (HO) -CrC(R. ,R.)CO.H**] ete 
2s iAP era Sez : Wi ee 
ar a , 
[(H,0) ,CrO,CH(R, ,R,) ] kK, 


The value of K, for the radical would be expected to be 


99 


Similar to that of the parent acid and should increase 


with increasing halogen substitution. Then, for experi- 
ments at constant oe the amount of organochromium (III) 
product should decrease with increasing halogen subtitution, 
34,96, 97 


as observed by Sevcik et al. Of course, varia- 


tions in k) and ky also affect the product distribution. 
The [H"] dependence of the products could differentiate 
the two suggestions, but this was not studied by Sevcik 
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The reaction of (H,0) .CrcH,cn** with er? was found 
to exhibit both an acid independent and an inverse acid 
dependent term in the rate law. Similar kinetic behaviour 


has been observed in a variety of other cr**-crx2t 


systems, °©7100-103 


some~of which are listed in Table 16. 
The inverse acid term in these systems is believed to 
arise from an inner-sphere electron transfer process 


through an activated complex of the type’ 


W | Y | 


| eee eae 
er sonecr rox ; 


On the other hand, a wide variety of mechanisms have 
been proposed to account for the acid independent term 
observed in these systems. It should be noted that the 
magnitude of the acid independent rate constant (ky eT 
Table 16) shows very little variation with the nature of 
X. This suggests that the hetero-ligand is not directly 
involved in the acid independent path and an outer-sphere 
mechanism is the simplest explanation. 

Clearly, the results obtained for the reduction of 
(HO) .crcH,cn** deviate from the pattern just described. 
Although the form of the rate law is similar to that 
observed in the other systems, the acid independent term 
is several orders of magnitude larger than in the other 
systems, and the inverse acid term is larger than would 


be expected on the basis of non-bridging ligand effects. 
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Table 16 


Kinetic Parameters for the Chromium(II) Catalyzed Aguation 


of Various (Hoo) crxet Complexes@ 
See ee Oe Set Pree ee a 


SNE 


xX 10°xk4,> 104xk5,° Reference 
get Bae 
OH, <2.0 1.4 100 
NH3 24 0.59 101 
O5CCH3 1.56 Vows 102 
F 4.42 0.08 86 
Ny 52.4 0.34 85 
CHS CN 1730 5.6 This work 


@~emperature is 25°C unless otherwise noted. 
evalues reported are for the acid independent path. 
“Values reported are for the inverse acid dependent path. 


Sremperature is actually 40°C. 
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It has been suggesteat?# that for cobalt(III) and chromium- 


(III) complexes, the incoming electron is accepted into 
the oe orbital, and this electron transfer will take 
place more readily the lower the energy of the ae Orbital: 
i ehe Cmte) er cal systems, the orbital energy can be lowered 
either (a) by X being a weak field ligand or (b) by 
movement of the ligands away from the metal atom in the 
2 direction. +9 However, neither explanation readily 
accounts for the enhanced reactivity when X = -CH,CN. 
Firstly, the visible spectrum indicates that -~CH,CN is 

the strongest field ligand in this series and as such 
would be expected to react the slowest if condition 

(a) were operative. Furthermore, if condition (b) were 
Mimertect and if it is assumed, as others have Boncee 
that the ease with which Cr-X bonds can be stretched 
Meyrelated sto the ease with which X dn crx*t can be 
zteplaced by HO, then it can be seen that for X = -CH,CN, 
the Cr-C bond is not easily stretched since no aguation 


of (HO) -CrCH cn2* is observed for several weeks. 


2 
Indeed, the observed rapid exchange of the trans-H.0 in 
Aq : 
organochromium (III) Systems +9! 0? can be taken to imply 


a very strong Cr-C bond which would not easily be 
displaced along the d 2 direction. On this basis, 
Z 
ra d to be unusually 
(HO) ,CrCH,CN” would not be expected to 
reactive towards reduction by chromium(II). However, with 
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respect to condition (b), it could also be argued that 
eme energy Or the acceptor orbital “on chromium(i1it) 


could be lowered by stretching of the trans Cr-OH, bond 


which, as noted above, is readily displaced. In principle, 
this would provide a means by which facile electron 
eeansrer Could occur. However, such a formulation is not 


consistent with the observation that analogous organo- 


chromium(III) complexes, such as (H., O) ri Sheps ey 7 are 


unreactive towards chromium(III). 

A scheme consistent with the results involves a 
bridged-outer-sphere mechanism analogous to that already 
described for the cyanoacetate complex of pentaammine- 
cobalt(III) (Chapter III). The proposed scheme is the 


following: 


2+ a 


= + 
(H50) .CrcH,CN ere a (HO) (HO) ,CrCH.CN oid 


2+ ; 2+ 
Ky Cr | Ky Cr | 
Afi eg 


III 
[ (H,0) ,Cr***cH, cnerit, 4+ iad core Ay, HO), ch neHe Cheras 


G4 4 ** 4 CH,CNCr (OH, ds 


(47, 3.6:) 


4. 
H 


3+ 
CH,CNCr (OH>) « 


HO 
H.) a 
CH,CN + cr(O 2) 6 
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The scheme suggests that a series of pre-equplibrra' 
are rapidly established involving deprotonation of a 
bound OH, on the chromium(III) moiety and complexation 
of chromium(II) on the nitrile. Reduction yields the 
chromium(III) acetonitrile anion which would be expected 
to protonate and aquate rapidly in comparison to the 
initial electron transfer reaction. 
The derived rate law for this mechanism is 
Goins ae ty Roe 
af 20a re 
k= SpE i*n (4.37) 
' 
Lie + Ka a K, [Cr Wola } + se ) 


lip [H’] >> Ke + paler Cle | + K, ), then the rate law 
Simplifies to 


| al Se 
Cae ) Ranicr se (4.38) 


ki = (ky. + 
‘ 
[H ] 
which is of the same form as found experimentally (equation 
(4.10)). However, the form of the rate law is such that 
the inverse acid dependent term may arise from either the 


K.K,' or the K_'K, equilibria, or a combination of both. 
a 


1 
Scheme (4.36) readily accounts for the enhanced 
reactivity of this system. The bridged intermediate 
provides close approach of the two metal centres, thereby 
facilitating direct electron transfer between them. 


Perhaps more importantly, there is the pOSSIb1lsa cy, OF 


hydrogen-bonding between the water molecules coordinated 
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to both metal centres. Molecular models indicate that 
there is always one cis water molecule on the chromium(IITI) 
which is within the hydrogen-bonding distance of a cis 
water molecule on the chromium(II). This interaction 
might be expected to facilitate the acid dissociation of 


bound water within the bridged intermediate. 


oro", —cr—ow' tO 
| ol K, “| shh el bed 4 
C—-C=N— Cr— Rae Se aaa C—C==N — Cr— + oH 
\ Z| 4N\ a 
H H H H (4.39) 


The enhanced reactivity of the inverse acid dependent 
path in the rate law could be attributed to such 
hydrogen-bonding interactions. This should lower the 
energy barrier to electron transfer by coupling the bond 
dislocations at both metal centres. This facilitates 
the matching of the energies of reductant and oxidant, 2+ 
a requirement that must be met before direct electron 
transfer by a bridged-outer-sphere mechanism can occur. 
In addition, interactions such as those shown in scheme 
(4.39) would be expected to increase K, as compared to 
the acid dissociation constant that might be anticipated 
had hydrogen bonding not been possible. This would also 


contribute to the magnitude of the inverse acid dependent 


path. 
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The bridged-outer-sphere mechanism is consistent 
with the results for other organochromium(III) complexes 
as well. For example, (H,0) .CrCH,CO,H** is reduced with 
SmececOnad—-Order, rate constant of: 6.8.x aes vee Sue (2020; 
0.50 M HClO,) and is believed to yield (H,0) .Cro,CCH,** as 
product. ??+ Unfortunately, no attempt was made to 
establish the acid dependency of this reaction. Never- 
theless, the results would seem to suggest that chromium- 
(II) binds at the remote carboxylate group and reduces 
the carbon-bonded (130). or moiety by a bridged-outer- 
sphere mechanism. Inner-sphere reduction is unlikely 


Owing to the presence of a saturated methylene group in 


the ligand. Similar behaviour has been observed 


2+ 96 
for the reaction of chromium(II) with (H,0) .CrCH(C1)CO,H . 
and complex mee 
O 3+ 
O O i H Reo 
(H, ) ,Cr CHCH., 


(H,0) ,Cr——O 


iVe5 


However, unlike the earlier example, reduction of complex 
IV-5 by attack of chromium(II) on the bound carboxylate 


May proceed by an inner-sphere mechanism. 
2+ 
On the other hand, complexes such as (H,0) .CrR ; 


em CH ealgea ands =cCL ae are apparently unreactive 


2 3 


towards chromium(III). These complexes differ from 
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2+ ; : 
(H50) -CrCH,CN and the acetic acid derivatives described 


above in that they lack functional groups suitable for 
the coordination of a chromium(II). As such, they cannot 
undergo bridged-outer-sphere reduction and this may 
account for their lack of reactivity towards chromium(ITI). 
The lack of simple outer-sphere reactivity may result 
from the strong ligand field characteristics of these 
carbon-bonded species. This makes the acceptor orbitals 
on the metal of such high energy that electron transfer 
by a non-bridged-outer-sphere mechanism becomes unfavour- 
able. However, it must be noted that these conclusions 
are based on a limited number of systems. Additional 
studies on other organochromium(III) complexes are required 
to substantiate this proposal. 

The results of the study, of the, reactions of 
chromium(II) with the chloroacetonitrile and iodoaceto- 
nitrile complexes of (NH) ,Co™™ indicate that these 
systems show both similarities and differences to the 
results of the free ligands. Stoichiometry experiments 
indicate that reduction of (NH,) .CONCCH,1>* parallels 
that of the free ligand in that two moles of chromium (IT) 
are consumed per mole of cobalt(III) complex. In addition, 
the rate law exhibits a first-order dependency on the 
concentrations of both chromium(II) and the cobalt(III) 
complex. Since dimeric chromium(III) products are not 


observed, a mechanism involving chromium(IV) is not 
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Operative, and the reaction must proceed as follows: 


(NH) ,CONCCH,1°* =f Cro Se oe 


3+ 
© 4) CHINO) MCHT-O (4.40) 


(NH) ,CONCCH, 59) 5 


Indeed, (peor ont. was observed spectrophotometrically 
and complete recovery of free I from aquation of 
fo) .cri°* was Obtained. Product analysis results for 
the chloroacetonitrile complex are less definitive because 
of the competing outer-sphere reduction of the complex. 
Nevertheless, the results suggest that halogen transfer 
to chromium(II) constitutes a major portion of the reaction. 
It is interesting to note that the reactivities of 
these complexes with chromium(II) are appreciably larger 
than for the respective free ligands. This suggests 
additional weakening of the C-X bonds upon complexation 


LO (NH) .Co”*. This weakening is also exhibited in the 


3 for the iodoacetonitrile systems where a 


Values of -AH 
decrease of 1.6 kcal oa is noted on complexation. On 

the other hand, the entropy of activation is unaffected 

by coordination to (NH,) ,Co”*. The five-fold increase 

in the rate constant on complexation of iodoacetonitrile 
would predict a halogen abstraction rate constant of 

Sao xX Hori gr 5 for the chloroacetonitrile complex. 

The difference from the observed value of 8.9 x mes ut oe 


is consistent with a competitive outer-sphere reaction 
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pathway as suggested previously. 
The observation that almost quantitative recovery of 
5+ 
3) 5CONCCH,Cr (OH.) 5 


is found in the reaction of the iodoacetonitrile complex 


the organochromium(III) product (NH 


with chromium(II) differs dramatically from that observed 
Saethe free ligand reaction. This suggests that the 


reaction 


3+. 2+ | 
(NH) 5CONCCH, ig OF ae arco (NH) 5CONCCH 


5+ 
oCxr (OHS) 5 


(4.41) 


is highly favoured over a process of simple outer-sphere 


reduction 
a+. 2+ 2 -) 2+ 3+ 
(NH 3) 5CONCCH. + Cr —_> {0vH,) ,CoNCCH, \ ap (he (OH,) 6 
at 
3+ 
(NH,) ,CONCCH, (a2) 


which produces less than 5 percent of the acetonitrile 
complex. As described earlier, this suggests a special 
role for the uncoordinated nitrile group in the reduction 
of the free ligand radical. 

The essentially quantitative recovery of the dimetallic 
organochromium(III)-cobalt (III) complex was unexpected. 
It was anticipated that the radical generated by halogen 
abstraction would undergo intramolecular electron transfer 


according to the reaction 
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H;0 
4. 
(NH) .CONCCH,,* *——. 5 NH3 a Go-* re NCCH,” ee 


NCCH,OH + eee : (4.43) 


That it does not do so is particularly surprising since 

ESR studies on free NCCH,° indicate that considerable 
: ; apices Tat aes 

unpaired spin density resides on the nitrile nitrogen. 

If the coordinated radical is similar, then it seems 

Surprising that it does not reduce the strongly oxidizing 


cobalt(III) centre. Indeed, preferential reduction of 


cobalt(III) has been observed for the following radicals 


3+ 116 2+ 117 
(NH,) sco) — CHOH (NH, ) sco ,e-4C))-cH0 


IV-6 IV-7 


where the radical oxidizing centreS are considerably 
more separated than in the present system. Intramolecular 


electron transfer has also been observed in the reaction 


er MnO, with (NH) -coescH? In this case, the 
presumed intermediate is 
he 2+ 
(NH) —CO-O-C 
IVv-8 
; 119 
although there is some uncertainty about this assignment. 
120 
More recently, Srinivasan and Gould have reported other 


examples of induced intramolecular electron transfer. 
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On the basis of some results by Cohen and Meyerstein, °+ 


an upper limit for the rate constant for intramolecular 
transfer in (NH, ) -CONCCH, - can be calculated. it was 
found that the rate constants for the formation of 
chromium(III) alkyls by reaction of chromium(II) with 


various carbon-centred radicals are in the range 


a> tex 10° Mae seat Assuming that the coordinated 


radical would react in an analogous manner, and after 
accounting for the different reagent concentrations and 
the different charge on the reacting radical, the rate 


constant for intramolecular electron transfer must be 
smaller than 3.5 x 10° sg 1 since no cobalt(II) was detected. 
This value is appreciably smaller than that found for 


12 
the radicals TVzOr eto and IV-8 : where values 


6 to 10’ gat were estimated. This illustrates 


3+ . : 
how resistant the radical (NH, ) ;CONCCH, ° isto Antra— 


greater than 10 


molecular electron transfer and suggests the existence of 
a significant activation barrier for this process. 


This tharrier .to electron “transfer ‘maybe thermo= 


122 p23 


dynamic in nature. Cohen and Meyerstein have shown 


that radicals such as CO. and *CH,OH readily reduce 


2 
(NH) ,Co?* and (NH) <Ru>”, whereas radicals such as 


"CHSCO, 


The former radicals are highly reducing as evidenced by 


H and "CH (CO,H). do not react with either oxidant. 


their half-wave potentiates: This results in large 


part from the thermodynamic stability of their respective 
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oxidized products. 


-cO, ——~> co, +e. 


2 
(4.44) 


On the other hand, oxidation of the carboxylate radicals 


yield unstable carbonium ions. 


e ge ea 
CH.CO,H i CH,CO.H +e 


(4.45) 


a 
eer ee CO CO, t 


2 )5 +e 


*CH(CO,H) 5 


In this respect, “CH, CN should resemble the carboxylate 
radicals since the electron-withdrawing capability of the 
nitrile group should destabilize the carbonium ion formed 


by the reaction 


NGGG >) ee NCCH,” + e (4.46) 
Indeed, the ionization potential of NCCH,° has been 


reported to be 10.87 Bee whereas that for *CH,OH Ls “only 


26 


-1 
Bere uev This difference of 61 kcal mol elearly 


suggests that NCCH, ° should be resistant to oxidation, and 
as such, provides an explanation for the absence of intra- 
molecular electron transfer to cobalt(III) in 
hogs 
(NH) ,CONCCH, ; . 
+ 
As noted earlier, (NH) ;CONCCH)Cr (OH)) 5 m VEZ} 


exhibits remarkable hydrolytic stability. Simple 
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organochromium(III) complexes 


their decomposition rates. 


of the type (H,0) .CrCH nee 


2 


half-times for aquation range 


on). M HC1O,). Asvseuch, i.tsis 


organochromium(III) moiety in 


aquation. However, 


show a large variation in 


72,81,82,127-130 


For complexes 


=AC 1. Bry Sp ee typical 
from. 2 toeZ0s days. (25°C, 
not surprising that the 


complex IV-2 is stable to 


it is surprising.that the, nitrile 


group coordinated to cobalt(III) in complex IV-2 does not 


hydrolyze to yield the corresponding carboxamide complex. 


Most coordinated nitriles undergo hydrolysis over a period 


of several hours or a few days. 


47,60 


Indeed, complex 


IV-2 might be expected to be as susceptible to hydrolysis 


as (NH ConccH,cN>* 


3)5 
Peace hours. (252°C, pHu1-3,,u-= 


for which the half time for hydrolysis 


104M Naclo,) .°° Certainly 


the chromium(III) should act as a good electron-withdraw- 


ing substituent, and the increased charge of complex 


IV-2 would also be expected to activate the nitrile to 


hydrolysis. 


In addition, molecular models of this complex 


suggest that cis HO molecules coordinated to the 


chromium(III) are oriented with respect to the nitrile 


group such that intramolecular attack of coordinated H50 


could occur. 


Similarly, hydrolysis of a coordinated H,0 


could lead to intramolecular attack of coordinated OH 


Onrhne nitrile. “This lack of 


reactivity remains surprising, 


but there is no doubt that the nitrile function remains 


intact from the characterization of the mercury (II) 


124. 
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derivative. 


The reaction of chromium(II) with (NH CONCCH,Cr (OH,) .>", 


UG 
iv=2, results in the reduction of both the cobalt (111) 
and chromium(III) centres. Since only simple monophasic 
behaviour was observed, reduction of the first metal centre 
must be rate limiting. However, the kinetic results do 
not indicate which metal is reduced first. This can 
only be inferred from kinetic comparisons. 

An outer-sphere reduction mechanism is consistent 
with the relatively slow rate of reduction (k = 2.39 x 
107° tee = and with the absence of functional groups 
Suitable for reductant binding. Certainly, deprotonation 
of a coordinated H,0 would provide an inner-sphere path- 
way for the initial reduction of the chromium(III) centre, 
but the required inverse acid dependence was not detected 
kinetically. Rather, since cobalt(III) is a much stronger 
oxidant than chromium(III), it seems likely that the 


cobalt(III) centre could be reduced first by an outer- 


sphere mechanism, according to the reaction 


(NH,) ,CONCCH,Cr (OH) >” a cr*t a (4.47) 
Iv-2 
2+ 3+ 2+ 
SNH3 + Co + Cr(OH,)¢ + (H50) .CrCH,CN : 
Iv-l 


It should be noted that the rate of reduction of complex 


IV-2 is about ten times slower than other nitrile complexes 
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of (NH) ,Co?* which undergo outer-sphere reduction 
(Chapter III, Table 8). This rate difference might be 
expected, however, owing to the higher charge of complex 
Iv-2 (5+ as compared to 3+) which would inhibit approach 
of chromium(II). In any event, scheme (4.47) suggests 
the initial formation of complex IV-1 whose reactivity 
towards chromium(III) has already been described. It was 
shown that the reduction of IV-1 is sufficiently rapid 
We LI. 3x Ln ut Boa) to escape detection in the 
present system. This is consistent with the monophasic 
absorbance changes observed in the reduction of complex 
IV=2. 

If the order of reduction of the metal centres 
have been assigned correctly, one must account for the 
fact that the reduction of (H,0) ,CrCH,CN** is so facile, 


whereas in (NH CONCCH,Cr (OH,) ,”", the reduction of 


as 
the chromium(III) centre is inhibited to such an extent 
that the cobalt(III) centre is preferentially reduced. 

As described earlier, reduction of (H,0) ,CrCHCN** probably 
proceeds by a bridged-outer-sphere mechanism with attack 

ef reductant™at-the nitrile group.-)in complex-Iv-2, the 
nitrile group is blocked by coordination to cobalt(III) 

and complexation of chromium(II) is no longer possible. 


Therefore, normal outer-sphere reduction of the most 


easily reduced metal, namely cobalt(III), occurs. 
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The reaction of mercury(II) with organochromium (III) 
complexes is believed to proceed by an S,.2 mechanism; 
that is, by a bimolecular electrophilic substitution 


reaction of mercury(II) at the a-carbon coordinated to 


chromium (rrz).??2 
i 4+7 + 
2+ 2+ H 
= cer ig 
(HO) .Cr-CH,R°” + Hg“ —» (H,0) ,Cr-C 
HR 
3+ + 
Cr (OH4) ¢ + HgCH,R (4.48) 
The evidence for such a mechanism is eae tena ee The 


a eliminates a 


observed first order dependence upon [Hg 
unimolecular Spt mechanism for which the heterolysis 


reaction 


2+ 3 
(HO) ,Cr-CH,R —_——> Cr (OH,), 


e 
23 


would be rate limiting.)* The rates of reaction are dramat- 
ically decreased as electronegative substituents are added 
to the a-carbon atom. This is in keeping with an electro- 


philic process where formal carbanion transfer from 


2+ 
chromium to mercury occurs. Clearly, (HO) ,CrCHSCN and 


(NH * f£o0llow this pattern as the 


5 
3)5 2)5 . 
+ 
following series indicates: (H,0) ,CrCH,CH, (ali = 


= = ~ Dee be ee 
= M 2 Ss ae (HO) ,CrCH,OH* (2.35 ea one 


SS et ee (NH) ,CONCCH,Cr (OH). 


2 
Ro ae 2+ ee ees 
eS pe10 84 Moda ok) cand. (H,0),-CrCE, weu(Sl0 quMeeacagl 


CONCCH.Cr (OH 


1.4 x 10 


oie 
(HO) ,CrCH 


+. SCHR (4.49) 
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The rate decrease on proceeding from (HO) ;CrCH CN to 


2 
complex IV-2 is expected on the basis of the electron- 
withdrawing capability of coordinated (NH,) .co”*. In 
addition, the increased charge of the latter species would 
be expected to decrease the rate of reaction with 
mercury(II). However, an inverse acid dependent term in 
the rate law is observed, suggesting that the reaction 

Of mercury (II) with (NH3) 5 


complicated than that observed with other organochromium- ~ 


So+ , 
CONCCH.Cr (OH,) . is more 


(III) complexes. A definitive assignment of the mechanism 
explaining this acid dependency is difficult since there 
are several functional groups on the complex which could 
be the source for the acid dependency. However, a 
consideration of the various possibilities allows some 
of them to be considered unlikely. 

The presence of the electron-withdrawing nitrile 


oe and tego) cr) moieties on the 


group and the (NH3) .Co 
methylene group might enhance the acidity of the methylene 
group. Reversible deprotonation of the methylene group 
and mercury(II) attack on the carbanion could produce 

the inverse acid kinetic term. However, ly NMR studies 

in D50 indicate that exchange of the methylene protons 


in (NH CoNCCH,Hg (OH,)** is much slower than the reaction 


3)5 
of the chromium(III) derivative with mercury (II). Since 
the acidity of the methylene protons might be expected 


to be similar in both the chromium and mercury derivatives, 
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the observed slow exchange rate of the methylene protons 
is inconsistent with the proposed scheme. 

The inverse acid dependency would also be consistent 
with deprotonation of a cis H,0O molecule coordinated to 
chromium(III) followed by coordination of mercury (II) on 
the OH group. The intermediate (IV-10) could react 
according to the scheme 


Use 

sai I 4 

, A 3 
ees a me is wascrken Ss TACT A OHa 
W eae H Hg (OH, ) 


iV=10 (4.50) 


H 
ets 


a 
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The orientation of coordinated mercury(II) in -IV-10 is 
such that simultaneous Hg-C bond formation and Cr-C bond- 
breaking within the intermediate could occur. Such a 
scheme seems unlikely, however, because of the low affinity 
of mercury (II) for oxygen donors}??? 

Another explanation for the observed acid dependency 
also involves deprotonation of a coordinated H5O molecule 
on chromium(III). The mercury(II) may react by the normal 
Spe mechanism with the aquo or hydroxy complex. 


K 
ot+ a A+ + 


(NH) .CONCCH,Cr(OH,),  32-—™ (NH,),CONCCH,Cr (OH) ,(OH)” + H 


2+ at 
ING ir Be 


4+ 37 
(NH, ) ,>CONCCH,Hg (OH) a: Cr (OH,) ¢ (451) 
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Deprotonation of a water molecule could serve three 
purposes. Firstly, the reduced charge of the deprotonated 
complex would facilitate approach of the dipositive 
mercury(II) ion. Secondly, if the deprotonated OH group 


is trans to the organic ligand, the trans-labilizing 


= 


effect of OH would weaken the Cr-C bond and increase 


its reactivity toward mercury(II). Finally, Cr (OH, a , (0H) ** 


would favour electrophilic attack at coordinated carbon 
because it would be less electron-withdrawing than 


3+ : _ 
Cr (OH,)- - Such a scheme is supported by the analogous 


2+ : L323 


reaction of 0) 5Crct with mercury (II), where an 


(H> 


inverse acid dependency is also observed. Altern 


the mercury(II) catalyz 
a is 

and (NH) ,coc1** TE do not exhibit inverse acid 

dependencies. This strongly suggests t 

= : ZF et 

dependency observed for the (H,0) <Crcl -Hg reaction, 
dnc tt & seas OH.) >t -He2* 

and by implication for the (NH) =CONCCH Cr ( in) 5 re 


reaction, arises from deprotonation of a O molecule 


a8) 
No 


coordinated to the chromium(III). It also suggests that 


the acid dependency does not arise from the equilibrium 


130. 


+ = 
——4» uoOH + H,O (4.52) 


3 


a = 3 = ~ A 
since it is difficult to explain how HgOH could discriminate 


2+ : 
between (NH,) .Crc1** and (N Hz) 5Cocl , where no acid 


: 12h 
dependency is observed, and the complexes (#50) -cre and 
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(NH) ,CONCCH,Cr (OH) .°*, where an acid dependency is 
found. 

The absence of an inverse acid dependence in the 
mercury (II) displacement reaction of (HO) gCrCH,CN** as 
well as other simple organochromium(III) complexes can 
be explained on the basis that the H,O molecules 
coordinated to chromium(III) in these complexes are 


appreciably less acidic than those in (NH CONCCH Cr (OH,),>*. 


3)5 
Certainly, the lower charge (2+ as compared to 5+) would 


tend to decrease the extent of deprotonation. The absence 


of an inverse acid term for the (HO) ercnen complexes 


5 
Can be accounted for if the acid dissociation constant 
(K.) decreases by only a factor of ten, and if the ratio 
‘ 5+ 
of ky EO k, is the same as for (NH) ,CONCCH,Cr (OH,) 5 x 


For the general rate law 


kK, 
k =k, + — (42553 )) 
D 4 
obsd (Hy 
-2 -1 -1 
and from the values k) =e ao) sO M s and 


k K, ay eR IBS L0es ee for complex IV-2, it can be seen 


2 
that a ten-fold decrease in K, would make the inverse 
acid path insignificant in comparison to the independent 


acid path over the usual acid range studied. 
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CHARTERsV 


Chromium(II) Reduction of the Fumaronitrile 


Complex of Pentaamminecobalt (III) 
Peroduction 


Oxidation-reduction reactions in which the electron 
Exanster Occurs through a bridging ligand that is 
"reducible" are believed to proceed through a chemical 


mechanism in which ligand reduction is assumed to be 


PLA ADE SC RS 


rate-determining. A number of systems thought 


to proceed in this manner have been previously 


24,260,52740,139-143 


reported. In addition, many potential 


bridging ligands are themselves reactive toward external 


= 24,736,351; 143-148 


reductants when uncomplexed. Since 


é Tee : 
fumaronitrile is known to»be."reducible", detailed 
kinetic studies were undertaken to ascertain the reactivity 

: St 
of free fumaronitrile as well as its (NH) —Co complex 


toward chromium(III). 
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Experimental 


The synthesis of the fumaronitrile complex of 
+ - : 
(NH) .Co™ has been described ..in Chapter Il. Samples of 
fumaronitrile ligand for kinetic and product analysis 


studies were twice sublimed under reduced pressure before 


use. 


Product Analyses 


Ion-exchange of reaction mixtures on Dowex 50W-X2 
and Sephadex SP-C25 cation-exchange resins was done as 
eBescribed in Chapter: II. 

The nature of the organic reduction products for 
the reaction of chromium(II) with free fumaronitrile 
was determined by ee NMR. Fumaronitrile was allowed 
to react with acidic solutions of chromium(II) for several 
hours until the reaction was judged to be complete. Any 
excess chromium(II) was air-oxidized and the resulting 
solutions were treated with 6 M NaOH to precipitate 
Chromium (IIL) “as chromium(LII) .hydroxide.? The mixture 
was centrifuged and the supernatant was collected and 
reacidified with perchloric acid. Then t-butanol was 
added as an internal standard and the 136 NMR spectra 
recorded in 103 D0. The sole organic product detected 


was succinonitrile, as determined by comparison to the 


Spectrum of an authentic sample. 
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As a further check on the identity of the organic 
product, reaction mixtures of fumaronitrile and 
chromium(II) were extracted ten times with CH,Cl.. The 
Organic phase was collected, dried over MgSO,, and 
evaporated to dryness under vacuum. A white product was 
obtained in 85% yield, based on fumaronitrile, and was 
characterized by oi NMR and infrared spectroscopies. 


The spectral results were in excellent agreement with 


samples of succinonitrile. 
Quenching Studies 


Reaction mixtures of fumaronitrile and chromium(II) 
were allowed to react for various lengths of time, air- 
oxidized and charged onto ion-exchange columns. The 
unreacted fumaronitrile was collected in the initial 
eluant and the amount of unreacted ligand was determined 

A =e) 
spectrophotometrically (E5478 =) 1.004 (xi LOS sh CMe) ) seek 


the rate law has the form 


ee | NCCH=CHCN) (Craig) (S21) 
eke 
and assuming the stoichiometry is 
2cr°t + NCCH=CHCN ———~» Products Ca 2) 


: 150 
then the general equation (5.3) may be derived. 
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ae are the initial and final 


where fare "8 and [Cr 
concentrations of chromium(III), [L] and [L], are the 
Pnatral and Dfanal™ concentrations of fumaronitrile, t is 
the time in seconds and k is the third-order rate constant 
ene soon From the known initial concentrations pert 1. 
and [L].» and the final concentration [L], and the time 


of reaction , t, k can be determined. 
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Results 


(NH) .CONCCH=CHCN** + cr?* 


The chromium(II) reduction of the fumaronitrile 
complex of (NH,) .Co”* was so rapid that it was necessary 
to establish the rate law primarily under second-order 
conditions in which only small excesses of chromium(ITI) 
were present. The absorbance-time curves obtained at 


260 nm were treated as described in Chapter II. The 


results obtained under both second-order and pseudo-first- 


order conditions revealed that the reaction obeyed the 


rate law 


-d[ (NH) ,CONCCH=CHCN** } 
2 _________ = k [ (NH), 
at 


er 


The rate data are summarized in Table C-13 of Appendix 
C and the second-order rate constant (k) was determined 
to be (1-9°+ 0.2) x 10? m+ s7> (25°C, 0.50°M Liclo,- 


HC10,). 


A product analysis study was undertaken to determine 


the products of the reduction. A solution of 


3) ;CONCCHCHCN”* (130 52% 107° M) in 0.10 M HClO, was 
3 


allowed to react with chromium(II) (2.15 x 10 M) .2mdhe 


(NH 


solution was immediately air-oxidized and subjected to 


ion-exchange chromatography on Dowex 50W-X2 resin at 5°C. 
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ConCCH=CHCN?*] [cr?*] 
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The initial eluant was collected and analyzed for free 
fumaronitrile which has a characteristic absorption 
mand.at 218 .nm (e€ =.4.84 x 107 ut Gmoehs. Two bands 
were observed on the column with elution properties and 


Pde 


electronic spectra characteristic of Co and Cr(OH jes 


respectively. The relative yields of fumaronitrile, co. 
and Er (OH. were” found to be 98%, 101% and 102%, 
respectively. 


These results suggest that the reaction proceeds 


according to scheme (5.5). 


(NH) ,CONCCHCHCN”* + cr?* eal 


5NH + Cot 4+ Cx (OH,) .>* + NCCHCHCN (ses) 


However, repetitive scans of reaction mixtures containing 

a slight deficiency of chromium(II) revealed the initial 
formation of a species which exhibited a wavelength 
maximum at 395 nm with an approximate molar extinction 
coefficient of 25 ve enene Over a period of only a few 
minutes, the intensity of this band decreased and the 
maximum shifted to 408 nm, suggesting decomposition of 

the intermediate to Cr (OH), The spectrum of the 
intermediate species is suggestive of nitrogen coordination 
when compared to the spectrum of (H,0) ,CrNH,** ep and: te 


consistent with the species 


ae 
(H,0) ,CrN=CCH=CHC=N" ° 


cae 


oyxt +02 besy hemi 7 
tiqaoeda | 
(aboad owt. 

bis ani site ala pone ame ke | 
*€ eopoy ts tus "Se Se ‘akdeixerosthds — eee 
Sy ati sstcoreal De eeneey enero ove 
9501 fas &lO> . ae ad ee Bavot a—_- 


° Wa ain (ea 

- / ; . 

abssoeng neigycorss od'f gad? feeppue atin St 
| . ey ~ 


: 1A Fi. I 


e 

Go 
a 

i 


at 


on ie 
ee nnn emomena #4 ~ ther EE 


(2. 2] VOIR IO 4 #8 (01 2D + #855 + -he : 
Por a ey a TW 
WHILE TGS 25 cpr bee sesdoeet Re $0858 x Rtiaeg 


isivint sis beleovar CEE yaqaheozd> to cbustoiteb 4 
dipeadieue, « pete kine ato iithe eelooge 6 Ip é 

ani toot cee sadiotn eihercitincintatgh tn dtiw ma 2ef 

vat « vino to botueqs. tee Hie. "Mi és Go 
oft Bas baasorsah inde etas! te estenoaad oad 2 

to “oltteomanaeb liane ied £06 oF 

add to maton ge) eee ‘ "4 90349 os | 
aolisaibiccs crescent abet to gv losegeue et aelseqe: 
ot tas *°* * aio, (Ogi) fo mrsdoege ed? Om 
astooqa aid dtiw 0 


Aquation of (H,0) <CrnccH=cHcn?* 


The decomposition of complex V-1 was investigated 
further at 395 nm and the data is compiled in Table cC-14 


of Appendix C. The reaction was found to be independent 


of the chromium(II) concentration (0.87 x 107° to 


pMESsx 10°4 M) and obeyed the rate law 


k = AGB a Lan] 


obsd + k 
[H"] ae! 
Rep LOort Of k vs Eel a hown in Figure 8 Th 
je) een iss igu : e 
kinetic behaviour and the product analysis results are 
consistent with the reaction scheme 
=CCH=CHC=N°* pia) HO) (HO) ,CrN=CCH=CHC=N** + 
(H,0) ,CrN=CCH=CHC=N eee, (HO) (FO) Goce. CHee 
ky a: 
¥ 3+ 
N=CCH=CHCEN + Cr (OH) ¢ (Sw 


From a consideration of the normal acidity of water 
coordinated in aquochromium(III) complexes and the range 
of [H™] SHuidtedn (02025 to 0.442 M), it 1s. reasonable to 


assume that [H’] 72 Ka; SO that scheme (5.7) predicts that 


kK 
k. + = (5.8) 


k = 
oe 
obsd Bh [H’] 


This is the form found experimentally and a non-linear 


least-squares analysis of the data yields 
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k, = (1.19 + 0.05) x 10°? s 7} ana kK, = (4.14 + 0.34) x 
10" mst, (25°C, 0.50 M LiCl0,-HC10,). 

When large excesses of chromium(II) are present ducing 
the reduction of (NH) ,CONCCHCHCN®*, quite different 
behaviour is observed. Instead of a decrease in 
absorbance throughout the visible spectrum, a large 
increase in absorbance is observed with maxima in the 
410 and 520 nm regions. The intensities of these maxima 
then decrease slowly. In addition, ion-exchange experi- 
ments on reaction mixtures revealed several chromium 
complexes of different charge and a decrease in the 
amount of fumaronitrile recovered. 

In order to better understand the behaviour with 
excess chromium(II), the reaction of free fumaronitrile 
and chromium(II) was studied. It should be noted at 
the outset that free fumaronitrile reacts several orders 


of magnitude more slowly with chromium(II) than does the 


Peductionzproduct. of the,cobalt (III). complex. 


NCCH=CHCN + cr?* 


The reaction between chromium(II) and uncomplexed 
fumaronitrile exhibits biphasic kinetic behaviour. A 
representative absorbance-time trace is shown in Figure 
9. Stoichiometry experiments were undertaken to ascertain 
at which stage chromium(II) was consumed. The stoichiometry 


results in Table 17 indicate that two moles of chromium(III) 
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PIGURE 9. A plot of absorbance! change versus time for the 


reaction of NCCH=CHCN (1.85 x 1072 M ) with 


Snromilum (el) (3.25 -X 10r* M ) at 520 nm; (H"] = 


0.075 M- 25°C? Ionicistrength®0.50 M (Licl0,); 
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are consumed for each mole of fumaronitrile during the 
reaction resulting in the initial rise in absorbance. 
Subsequent reactions associated with the absorbance 
decrease do not consume any additional chromium(II). 
Similar results were obtained when fumaronitrile was in 
excess, thereby suggesting that radical coupling of the 
ligand is not a significant problem, even when there is 
emcericiency of reductant: 


Several 13 


C NMR experiments were undertaken to 
ascertain the nature of the organic reduction products. 
Reaction mixtures of fumaronitrile and chromium(II) were 
treated as described in the Experimental Section. The 

sole organic product detected by os NMR wasS succinonitrile, 
as determined by comparison to the spectrum of an authentic 
Sample. In other experiments, also described in the 
Experimental Section, the solid organic product (85%) was 


li NMR and infrared 


isolated and characterized by 
spectroscopies. The spectral results were in excellent 
agreement with samples of succinonitrile. 

Preliminary product studies were undertaken to 
ascertain the nature of the highly-coloured complexes 
formed during the initial phase of the reduction. Elution 
of reaction mixtures charged onto columns of Dowex 50W-X2 
yielded first a red band (Band 1) which moved down the 


column with 0.5 M HC10,, followed by a blue band (Band 2) 


which eluted with 1.0 M HC10,. Several other complexes 
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remained on the column and could not be eluted even with 
solutions of 1M HC1O, at 2M NaClo,. As a result, 
product analysis experiments were repeated using 
Sephadex SP-C25 cation-exchange resin. The following 
elution pattern was observed: a red band (Band 1) was 


eluted with 0.2 M HC10,); a blue band (Band 2) was eluted 


wiih 0. 2..M HC10, Nin Osge2 *M NaClo,; a second red band (Band 


3) was eluted with 0.2 M HC10, 11s 4 Opt aM NaCl0o,; a pinkish- 


red band (Band 4) and a small purple band (Band 5) would 
not elute from the column even with 1.0 M HC10, 3 Hyi3-3M 
Naclo,. However, on standing for 2 days at room tempera- 
ture, Band 4 decomposes to products which are easily 
eluted with 1M HC10,.- Similar decomposition of Band 5 
does not occur. It can only be removed from the resin 

by conversion to chromate using alkaline peroxide. 

The isolated complexes were studied in greater 
detail to obtain additional information about their 
structure. The easily eluted red species (Band 1) was 
characterized and found to have maxima at 519, 411, and 
268 nm with extinction coefficients of 81.1, 117 and 
4090 mt cnt, respectively, based on its chromium (IIT) 


content. The wavelength maxima and elution properties 

2+ 
of this complex are similar to those for (H,0),CrCH,CN , 
which has already been described in Chapter IV. On this 


basis, the complex is formulated as 
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(H,0)-CrcHc=n 7+ 
2215) 


CH,C=N 
V=2 


Scan runs of a representative sample of complex v-2 
on. 0. 50 M HC1O, revealed that no decomposition occurs 
over a period of several weeks at room temperature in the 
presence of O5- This organochromium(III) complex reacts 
with mercury (II) very slowly. A 3.3 x 1p M solution of 
is observed to react with 


4 
ae ANAS -5 -l 
O.10 M Hg Wien uo race constant’ of 6227x710 r= i aes 


complex V-2 in 0.50 M HC1O 


However, complex V-2 is readily reduced by chromium(II), 
as the scan run of Figure 10 illustrates, and the kinetics 
of this reaction were studied. The data are given in 
Table C-15 of Appendix C and conform to’ the rate law 


+ 


-d[v-2] 
pee ye?) (Cr 1 (5.9) 


shel 


soe Spey 2 
Meer et) 19 4 0-03) x 100+ Mus) (25°Cy..0250 M 


mac 1LO -HC10,). The sole chromium(III) product of the 


4 
reaction was SELOH a) as indicated by its electronic 
spectrum after isolation by ion-exchange on Dowex 50W-X2. 

3+ 
The blue band (Band 2) was found to be Cr (OH,) ¢ 


on the basis of its ion-exchange properties and electronic 


spectrum. 
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PIGURE 10. 
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Wavelength, nm 


Change in visible spectrum during reduction of 


(HO) <CrCH (CN) CH,CN** (2010 s 10s 
BEOnanL I) (4.9 7x 10" 


M ) with 

M); [H’] = 0.20 M; 
25°C; Ionic strength’ 0 oor (LiC10,) ; 24cm cells 
The absorbance is decreasing with time. The 
spectral scans were started”’at 1, 9, l/, 25, 33, 


Ai 495577005, 73,89 and’-217 minmites atcer 
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The ion-exchange properties of the red complex ~ 
(Band 3) are typical of a 4+ or 5+ charged species, 
suggesting that it is a dichromium(III) complex. The 
electronic spectrum of this complex revealed maxima at 
515, 408 and 267 nm. Assuming two chromium's are 
coordinated to the organic moiety, molar extinction 
coefficients of the complex are calculated to be 116, 
137 and 4080 m+ cmt, respectively. It is worth noting 
that the intensities of the various maxima are either 


unchanged or only slightly higher than those observed 


for complex V-2. If the complex formed was 


by 4+ 
(HO) ,CrCHC=N 


(HO) ,>CrCHC=N F 


V-3 


then it might be anticipated that the extinction coefficient 
of this complex would be approximately twice that observed 

3 
for complex V-2, as has been observed in other systems. 
Since this is not seen in the present system, the complex 


may be assigned as one of the following linkage isomers. 


5+ ‘ 5+ 
(HO) .CrCHC=N (HO) .CrCHC=NCr (OH)) . 
= CH.C=N 
CH,C=NCr (OH,) . 5 
v-4 v-5 


Structure V-4 would be preferred on steric grounds and 


would be expected to be the principal isomer formed. 
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Repetitive scan runs of solutions of complex v-4 
indicated that it underwent facile decomposition. Shown 
in Figure 1l are the spectra of complex v-4 and that of 
the hydrolyzed mixture. Isosbestic points were observed 
ee .590, 433 and 408 nm. It is interesting to note that 
although the intensity of the 515 nm band decreases as a 
result of the hydrolysis reaction, the spectrum of the 
product mixture, with maxima at 520 and 411 mm, 1S stiadl 
indicative of an organochromium(III) species. Kinetic 
studies, monitored at 510 nm, revealed that the reaction 
rate was unaffected by the presence of 0. and was 
independent of the acid concentration (0.025 to 0.330 M). 
The kinetic data, given in Table C-16 of Appendix C, are 
consistent with a first-order rate law with a rate 
Constant of (3.60 + 0.09) x 10° s+ (25°C, 0.50 M 


BLCrO -HC10,). Product analysis experiments on this 


4 
reaction revealed that 1.00 mole of complex V-4 produces 
0.99 + 0.01 mole of a red complex, whose elution properties 
and electronic spectrum are identical with complex V-2, 


+ : 
end 101+ + 0. 01° mole"of Cr (OH,) ,° .» Ont this. basvsy Vehe 


decomposition reaction can be formulated as 


5+ eens 3+ 
(HO) 5CrCHC=N —— (H,0) 5CrCHC=N + Cr (OH.) P 


CH C=NCr (OH,) CH,C=N 
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v-4 V=Z (5.10) 
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Absorbance 


350 400 450 500 550 600 
Wavelength, nm 


eeoURE 11. Visible spectra of (H,0) ,CrCH (CN) CH,CNCr (OH,) .”* 
| (1.49."x 10°? M ) before ( ) and after 
(= ) aquation; [H’] = 0.50) Meo eee cm 
cell. iIsosbestic points are observed at 558, 


255. and, 408 nm. 
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The reactivity of complex v-4 to chromium(II) was 
also investigated. The reaction was monitored at 408 
nm which is an isosbestic point for the conversion of 
v-4 to V-2. Logarithmic plots of the absorbance change 
versus time were non-linear as would be expected for a 


reaction sequence of the type 


k 
ee 5+ uy eet 
(HO) ,;CrCHC=N “E50 (HO) ,CrCHC=N 
CH,C=NCr (OH,) . CH,C=N 
3+ 
+Cr (OH,) ¢ 
ko Gls 
La al N=CCH.CH,C=N + Cr (OH) ¢ CSwaleiy) 


A representative plot is shown in Figure 12. The 
absorbance-time data was fitted by non-linear least-squares 
to a two step consecutive reaction scheme where ko was 

held constant at the value 1.19 x ame ve oan obtained 
from the earlier study of the reduction of complex V-2. 

The values of ky generated are given in Table C-17 of 
Appendix C; k) is independent of chromium(II) and has a 
Seievef 2.6 x 107 =~. Also shown in Table C-17 for 
comparison purposes are values of ky obtained when k, is 
Bee to heehee WiGnde vate dP Ss x 10° ws. 


In this case, k, seems to exhibit a small dependence on 


the chromium(II) concentration which may be given by 
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FIGURE 12. Semi-logarithmic plot of absorbance change 
versus time for the reaction of 


5+ -4 
(HO) gCrCH(CN)CH,CNCr(OH,),” (6-40 x 10° M ) 


with chromium(Iz) (6.06 x 10°27 M) at 408 nm; 


[H*] = 0.142 M; Ionic strength 0.50 M (LiC10,); 


25°C? 5 cm cell; 
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It is interesting to note that the chromium(II) independent 
term is identical with that observed for the uncatalyzed 
aquation of complex V-4. In any event, the results show 
that chromium(II) catalysis is a minor contributor to the 
agquation of complex V-4. 

The pink complex (Band 4) formed in the reaction 
of chromium(II) with fumaronitrile could not be character- 
ized since it could not be eluted from the Sephadex 
column. However, the decomposition products formed after 
allowing the column to stand at room temperature for two 
days could be collected by elution with 1 M HC10,. The 
resulting solution was re-ion-exchanged on Dowex 50W-X2. 
Pilution with 0.5 M HC10, effected separation of a red 
complex from a more strongly adsorbed blue complex. 
Chromate analysis indicated that equivalent amounts of 
chromium were present in both products and that the blue 
complex was SH OHS) ae The red species had maxima at 
510, 4411.and-269'nm.withextinction.coefficients of 97.2, 
i28) and 3870 mM si respectively, based on the 
chromium(III) content. Although the position of the band 
maxima are very similar to those for complex V-2, as shown 
in Figure 13, the extinction coefficients are significantly 
different, particularly at 519 nm. This hydrolysis 


product is tentatively assigned as either V-6 or Ves 


weet au 


trebabyabar (CT papdaentey we ik, tia a : 
bevylatsoay tt S62. shail oles te : 
vote etivest ods sate Ras bo wale oo to 
eit of szedidittacs sone wt ebeyieies 
"a eatqno 3 
Heiss ons nd Semiwed ¢& Bee” ‘zafqnoa-2 akg 
sedpayet® sd ter~nivs Stamieasent toiw in 
¥ebeiica2 Sit monk henile od sod blnod-< 
tssts Honmot sachs nokasuognane® ‘ons ey | 
owes  1O? exrots seGRed weer wa BLS GS amulor 
es Hy , .Ofoa sm f dae Aoisotia yd Besoellas 


aan 
ad 
=" 


Pe ie 
tin 


re i oph 


oa. 


_ 


Th 


ck-WOd xowed co Bopaainessiet-ast-eaw apkgotc 
bes o 10 notdraaek tesontte pCloH e009 - 
aa suid bedzoehe ghana zs aioe att 
to agwnoms tasiavtypp Jago Beteb thenk as tia 
sdig of? datt BaG asnnboeg iro snasexq | 
ti chilzen Sen sefouge Bey aa (hoe 
$.1e to ascdinh teow Ackioehte yisiw ma eas 
ets no bated!) (ee eeaegtex tg +e oNeE 7 
bred ait Yo aa ow MeReetLA  .snecnon bahay gece 
mode as ,i+V xalqmes 3ei saots of tolinis aay, one 
(lisdmttiagie ota stnei ee Raon mpisonisas etd ff am 
ereyloubynd asd? am Le 28 ylawientszag dna 


a 
‘-7 16 a- aedthe @§ Benptees ylegitaseed ak goube Bs, 


158% 


C 


+28? 


OOl 


SZl 


OSl 


HO (NO) HO202 (0°H) pue (———— 


-VOTOH W OS" 0 UT @.Gz ae (-2--6 ) 


) 9-A xeTduods Jo erzjZdeds uoTAZdAOSqe OTUOAzAIDeTA “ET BUNOITA 


wu ‘UIBUd|aAB/AA 
00S OSV OOv Ose OO€ OS% 002 


a6 Teo"20 WH UEIo"’ 


(=<-—+) .9¢ 


4 ag (ho) Ponce CR, 


a 


gTSEcetougc spserhr ray, ebac 


° 


O 2+ 2 
(H50) ,CrCHC-NH} vides Sena om 
CH5C=N CH5C-NH., 
! 
O 
V-6 View7, 


where one of the nitrile groups has been hydrolyzed to 
give the corresponding carboxamide. However, the nature 
of the pink complex (Band 4) from which ertous eee and 
ercher V-6 or V-7 are formed is still uncertain since 


the charge of a complex such as V-8 
i ee 
peedba ere T2anee 2.5 
CH,C=N 
V=8 


or some other closely related complex, such as the 
oxygen-bonded carboxamide, does not seem consistent with 
the elution properties of this strongly retained complex. 

The nature of the small amount of purple complex 
(Band 5) formed in the reduction of fumaronitrile is also 
uncertain. Unlike Band 4, no decomposition of this 
complex to elutable products is observed. As a results 
even indirect characterization of Band 5 is not possible. 

Detailed product studies were undertaken to ascertain 
the relative yields of the various chromium(III) complexes 
formed in the reduction of free fumaronitrile by 


chromium(II). It should be noted that the dichromium (IIT) 
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complex V-4 is sufficiently unstable to aquation that 
during the time required to isolate this complex by ion- 
exchange, substantial amounts of vV-4 are lost to aquation. 
However, as shown by equation (5.10), complex v-4 is 
quantitatively converted to complex v-2 and cr(oH,),°", 

so that if the reaction mixture is allowed to stand for 
sufficient periods to allow complete aquation of v-4, 

then the amount of V-2 isolated is an accurate measure- 
ment of the total amount of V-4 and V-2 produced originally 
by the reduction reaction. Therefore, the following 
procedure was employed. Solutions of fumaronitrile in 
acidic media were treated with chromium(III) and allowed 

to react for one or two half-times. Longer reaction times 
were not feasible since, as described earlier, the 

various products formed are subject to chromium(IT) 
catalyzed decomposition. Excess chromium(II) was destroyed 
by oxidation with either [ (NH,) ,CON3] (C104), or oxygen, 
and the resulting solutions were cooled quickly to 1°C 

and charged onto columns of Sephadex SP-C25. The initial 
eluent was collected and analyzed for unreacted fumaro- 
nitrile. The amount of fumaronitrile recovered provides 

a means by which the yields of the chromium(III) products 
can be determined. All complexes up to and including 

the dichromium complex V-4 were eluted as soon as possible 


from the column with 0.1 M HC10, in 0.9 M NaClO,- This 
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fraction was stored at room temperature for 5 hours, 
during which time complex V-4 completely aquates to 

Cr (OH). and complex V-2. The resulting solution was 
re-ion-exchanged on Dowex 50W-X2 and separated into the 
various bands by elution with perchloric acid solutions 
of increasing concentration. Each band was collected 

and analyzed for chromium. The remaining complexes on 
the Sephadex column were allowed to stand for 2 days at 
room temperature after which the hydrolyzed products were 
collected with 1M HC1O,. Treatment of the small purple 
band (Band 5) at the top of the column with alkaline 
peroxide afforded an estimate of its relative yield. The 
results of this study are shown in Table 18. Values 
tabulated as "% as Chromium" were determined by comparing 
Ghevwamount of chromium(III) in the: various, bands to; the 
total amount of chromium(III) products expected, assuming 
two equivalents of chromium(II) are consumed for each 
mole of NCCH=CHCN reduced, as was found in the stoichiometry 
experiments. The results clearly show that essentially 
complete recovery of chromium in the various products 

is obtained. This is further evidence in support of the 
stoichiometry results. In addition, the results reveal 
that most of the chromium(III) is found as a(n ee | 
However, a large percentage of the latter arises from 
aquation of complex V-4. Therefore, it is more informa- 


tive to examine the product distribution as a function of 
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the ligand present in the various complexes isolated. 
Values reported as "% as Ligand" were calculated on the 
basis of the known chromium(III) content of the various 
bands and by assuming that the ratio of Cr:Ligand for 
SEomplex V-2) iis: l:l, whereas for Bands 4 and 5, a ratio 
of 2:1 is assumed. The evidence for such an assignment 
for complex V-2 has already been described. There is 
some evidence to substantiate the 2:1 ratio for Band 4 
since it is known to decompose to equivalent amounts of 
cr (OH,),7" and complex V-6. However, there is no 
independent evidence for Band 5 and as such, the 2:1 
ratio of chromium:ligand is simply assumed. In any event, 
the results suggest that most of the reduced ligand is 
found in complex V-2, with much smaller amounts attributed 
to the complexes comprising Bands 4 and 5. 

Two ‘specific results should be noted’. | 1t appears 
that there is a modest increase (7.2%) in the yield of 
complex V-2 as the acidity is varied from 0.319 to 


0.050 M HC1O at the expense of the other products formed. 


4! 
In addition, less than 85% of the ligand can be accounted 
for as organochromium(III) complexes. 

Additional experiments were undertaken to determine 
whether all or only some of the complex V-2 observed in 
the previous study arises from aquation of complex v-4. 


Solutions at different acidities but identical in all 


other respects were allowed to react with chromium(III) for 
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about one half-time. The solutions were then air-oxidized, 
quickly cooled in an ice-bath and then immediately ion- 
exchanged on Dowex 50W-X2 at 2°C. The initial eluant 

was collected and analyzed for unreacted fumaronitrile. 
The red complex V-2 was collected within one hour and its 
chromium content determined. The results are given in 
Table 19. Also shown in Table 19 are the yields of 
complex V-2 obtained in the previous study. By comparing 
the two sets of results it is clear that most of complex 
V-2 isolated in the previous experiment results from 
aquation of complex V-4, which is the principal product 
formed in the initial reduction reaction. The 8.5% yield 
of complex V-2 observed at the higher acidity is easily 
accounted for by the aquation of complex V-4 during the 
time required for isolation. Therefore, it is suggested 
that at the higher acidity, no complex V-2 is formed 
directly by the reduction reaction. However, at the 
lower acidity, 6.7% more of complex V-2 is observed. 
Since from previous studies it is known that the rate of 
decomposition of complex v-4 is unaffected by the acid 
concentration, this increase must arise from the Inve) 
reduction reaction itself. It is also interesting to 
note that this increase in the amount of complex V-2 is 
in good agreement with the 7.2% increase in complex V-2 
observed in the earlier study on proceeding from high 


to low acid concentrations. 
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Table 19 


Percentage (H50) eCrCH (CN )CH,CN2* Formed in Reduction 
Seer a ge a ee eee 


of NCCH=CHCN by Chromium(ITI) 


10x 107x Ree NCCH=CHCN 
[NCCH=CHCN], [cr2*], i: ali Time, consumed, V-2, 
M M M Ss g@ gPrc 
eeu 6.84 0.400 200 64.9 8.5(68.2) 
a.12 6.84 0.067 200 64.4 15.2(75.4) 


“Determined by analyzing initial eluant for unreacted fumaronitrile. 
Pyalues represent the percentage of reduced ligand isolated as complex 
V-2. 


“Values in parenthesis are taken from Table 18. 
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Shown in Table 20 is the product distribution of 
the initial reduction reaction after correcting for the 
aquation of complex V-4 to complex vV-2 and CrioHoye: © 
The entries in the table are obtained by comparing the 
results shown in Tables 18 and 19 and on the basis of 
mene above discussion. In addition, it has been assumed 
that the different chromium(II) concentrations (0.0380 
and 0.068 M) of the two studies affect only the rate 
and not the product distributions. Also, the high and 
low acid ranges examined in the two studies were not 
identical (0.400 versus 0.319 M, and 0.067 versus 0.050 M). 
However, it is unlikely that these small differences will 
appreciably effect the comparison. The results suggest 
moaee the yield of the principal product V-4 is unaffected 
by the acid concentration. It is also interesting to 
note that there is substantial formation of gr (OH ae 
even after correcting for the amount formed by aquation 
of complex V-4. In addition, it may be noteworthy that 
on proceeding from high to low acid concentrations, there 
is a decrease in the yield of Cr (OH). formed as a 
result of the reduction of fumaronitrile that is propor- 
tional to the increase in the yield of complex V-2. 
Finally, if it is assumed that the yields of er (OH 
shown in Table 20 correspond to the amounts of succino- 


nitrile formed in the reaction, then all of the reduced 
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Table 20 
Product Distribution of Initial Reaction of NCCH=CHCN with Chromium(II) 
RE Fa tc oN le Eo Dr ceca tated ehh hand 
a eemenemeemenemeeeeeeenee een 
Product Distribution, %% 


v-4© Cr (OH, Band Band Total 


6 


High Acid 
(0.400 to 


0.319 M) 0 68.2 (21.1) 10.1 nad LOZ 61. 


Low Acid 
(OM O6i7 LO 


0.050 M) 6.7 68.7 (13.6) 8.1 ara 98.2 


“product distributions are based on amount of ligand contained in the 
various fractions. 

PBased on the assignment that complex V-2 has chromium:ligand ratio of 
as dite 

“Based on the assumption that these complexes have chromium:ligand ratio 
OT 2/2 Le 

Gpercentage of Broun remaining after accounting for aquation of 
complex V-4. Values reported are actually one-half the yield of 


€r(OH,),° since stoichiometry results require that 2 moles of 


chromium(III) are formed for each mole of fumaronitrile reduced. 
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ligand is accounted for. 

The biphasic kinetic traces obtained at 520 nm for 
the reduction of free fumaronitrile by chromium(II) were 
fitted by a non-linear least-squares procedure employing 


the consecutive reaction schemes 


HS) ba 
Sa Caran Tet 1! 8% water ere lt © (5.13) 
and 
ki! ke" k,' 
A ——>- 1 B ————_ C ——_ OD (5% 43) 


In the latter scheme, k,' was held constant at the value 
BO. X ome sit which was the rate constant obtained for 
the aquation of complex V-4 . It should be noted, however, 
Paat sSuUDStLcutron “OL this~value of k,' with the slightly 
larger values calculated for the aquation of complex V-4 
in the presence of chromium(III) (equation 5.12) had little 
or no effect on the values obtained for k,' in scheme 
(5.14). The values obtained for ky and kj are listed 

in Table C-18 of Appendix C. Regardless of whether 

Seneme (5.13) or (5.14). 1s used, the first reaction (ky 

or k,') exhibits a first order dependence on the fumaro- 
nitrile concentration and also appears to have an inverse 
acid dependency. However, the schemes differ in their 
dependency of the chromium (ITI) concentration. Shown in 
Figure 14 are plots of ices | and raters" versus 


[er7*] at 0.100 M and 0.050 M HC10,- The results obtained 
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[Cr2*] X 102, M 


(ky /(Cr2*] or k, / [Cr2+] ) x 102, M7171 


* phyolwenatk 0/ fone aee( 2) 


PEGURE 14 JC Vartation “o£ eintoLe 
with [Cr°*] for the reduction of NCCH=CHCN at 


O5UCCin’ OF510. 4M Liclo,-HC1O, at%520- mm: 
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from scheme (5.13) suggest that the reduction is perieeiy 
second-order with respect to [er?*] whereas the data, 
when fit to scheme (5.14) reveal an appreciable intercept, 
which suggests parallel first- and second-order chromium- 
(II) dependent pathways. On this basis, scheme (5.13) 


suggests a rate law of the form 


icra 


(ayes Mioaae (5015) 
Dieta al 


eee oe toy Me Ss and b = (8.8 £ 0.3) salOt eM 


fo, 0.50 M Licl0,-HC10,). Alternatively, scheme (5.14) 


Suggests a rate law of the type 


4- 
bier? ] 24 
kj! = (a + are ee weer | (52156) 
Cc. ti.[H 
were oro sie ol” MS a b= (988 B04) oxo ie 


M oe Bane Ora 13 et se 2) x ee M. Of the two schemes 


examined, (5.14) seems somewhat more preferable since it 
takes into account the aquation of complex V-4 to complex 
V-2, which scheme (5.13) does not. However, we have not 
been able to devise a reasonable mechanism consistent 
with either rate law since both schemes suggest that the 
reduction is accelerated at low acid concentrations. 

This is a feature that is difficult to accommodate in a 


mechanism in which the reactants have no acid-base properties 
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themselves and in which protons are actually consumed in 
the reduction. Indeed, some additional studies suggest 
that the reduction of fumaronitrile is actually 
independent of the acid concentration. 

Product studies were undertaken in which mixtures of 
fumaronitrile and chromium(II) were allowed to react for 
various lengths of time. Reaction mixtures were then 
air-oxidized and charged onto ion-exchange columns. The 


unreacted fumaronitrile was collected in the initial 


eluant and the amount of the ligand consumed was determined. 


Assuming a simple third-order rate law for the disappearance 


of ligand, the general equation given in the Experimental 
Section (equation (5.3)) can be used to obtain values of 
the rate constant k. The values obtained are listed in 
Table 21. The results clearly show that the calculated 
third-order rate constant (k = 3.5 + 0.4 ae oe) us 
independent of both the acid and chromium(III) concentra- 
tions. It should be noted, however, that the value for 
k is probably too large since reaction mixtures were 
quenched with 05 which does not oxidize chromium (II) 
instantaneously, as was assumed in doing the calculations. 
The discrepancy between the rate laws determined 
spectrophotometrically at 520 nm and by the quenching 
experiments is best rationalized by the assumption that 


during the reduction of fumaronitrile, an intermediate 
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Table 21 


Rate Data for Reduction of NCCH=CHCN by Chromium(II) at 25°C 


ar 


102x 107x NCCH=CHCN 
[NCCH=CHCN], [cr2*], (a), Rx. Time,? consumed, P ee 
M M M s % m2 57! 


To74 3.91 O<319 150 39.6 3.53 
r374 3.91 0.051 150 40.1 3.63 
1.65 3.80 0.319 460 61.0 3.39 
1.65 3.80 0.051 460 59.4 Wig ke 
3.10 6.84 0.400 200 64.9 3.19 
3.72 6.84 0.200 200 . 64.6 a5 
cp aly) 6.84 0.067 200 64.4 3.08 
1.53 3.18 0.344 510 56.2 3.89 
1.53 3.18 0.195 510 55.9 3.85 
1.53 3.18 0.047 510 55.1 3.65 


@values reported correspond to the time interval between injection of 


chromium(II) and subsequent air-oxidation. 


Determined by checking initial eluant for unreacted fumaronitrile. 


“calculated using equation (5.3). 
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species is formed which affects the spectrophotometric 
determination. Indeed, scan runs in the 330 to 485 nm 
region suggest the formation of just such a species. As 
shown in Figure 15, the absorbance throughout the region 
is observed to increase initially. However, over longer 
reaction times, the absorbance below 375 nm is observed 
to decrease while the maximum near 410 nm is still 
increasing in intensity. The nature of this intermediate 
species which absorbs below 375 nm and which undergoes 
decomposition is uncertain. However, it should be noted 
that it is more readily detected at higher acid and 
chromium(II) concentrations. In addition, preliminary 
results suggest that it may undergo more facile decomposi- 
tion with decreasing acid concentrations. 

As a further check on this system, the reduction 
reaction was monitored at 750 nm. At this wavelength, 
none of the organochromium(III) complexes exhibit any 
absorbance and any absorbance change observed should 
result solely from the loss of chromium(II) which does 
absorb at this wavelength (e = 4.5 mt om?) . indeed, 
the anticipated absorbance decrease was observed and 
logarithmic plots of absorbance change versus time were 
linear to about four half-times. The kinetic data are 


summarized in Table C-19 of Appendix C. The results 


reveal that the rate of loss of chromium(II) is independent 
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FIGURE 15. Absorbance changes in the 330 to 485 nm region 


during reduction of NCCH=CHCN (1.45 x iy M ) 
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byychromium(Il): (2::9.7:cx41043 46M.) pimels36 M HClO 


4! 
255C3 plonac strength “1 .50°\M (LiclO,); 5waCmcGedals. 
Spectral scans were at 2 minute intervals. The 
solid lines .(———),.represent scans for which the 
absorbance is increasing at all wavelengths. 
Dashed lines (----- ) represent scans for which 


the absorbance is decreasing at wavelengths below 


375 nm but still increasing in intensity above 
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of the acid concentration and is second-order with respect 


to the chromium(III) concentration, obeying the rate law 


2+ 
=a Cr] 
= k[NCCH=CHCN] [cr21]2 (5.17) 


dt 


where k has the value 2.8 + 0.3 M* 5 2 (25° Cee0e50 M 


Liclo,-HC10,). The simple third-order behaviour observed 
at this wavelength serves to corroborate the earlier 
suggestion that an absorbing intermediate affects the 
rate law determination at 520 nm. 

Although the proposed absorbing intermediate has 
affected the absorbance data at 520 nm with respect to 
the first phase of the reaction between chromium(III) and 
fumaronitrile, it is possible that either scheme (5.13) 
or (5.14) may adequately describe the last phase of the 
Teaction. (This is: thought to correspond to the 
chromium(II) catalyzed aquation of the organochromium (III) 
products formed. The values obtained for k3 and ky! are 
tabulated an Table C-20. It is worth noting. that. the 
second-order rate constant k3 cm + Es obtained from scheme 
(5.13) increases with decreasing chromium(II) concentra- 
tions. On the other hand, values for k,' nee Sea) 
obtained using scheme (5.14) are relatively constant with 
varying reductant concentrations, although the magnitude 
of k.' increases moderately with decreasing acid concentra- 
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tions. This is probably a residual effect of the 
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absorbing intermediate. In any event, the average value 


it 


eeikahticasrd..Ob1 M prey agrees quite closely with the 


3 
Vahue oheds0Lh9 mt ee obtained earlier for the 
chromium(II) catalyzed aquation of complex vV-2 (Table 
€=15) <n Therefore; on»the basis of the»product ‘studies 
already described and the kinetic studies presented here, 


the principal reaction scheme for the reaction between 


fumaronitrile and chromium(II) can be formulated as 


NCCH=CHCN See eee (HO) CrCHCN Sy gee ee 
2+ 2 
fer] H50 
CH,CNCr (OH), 
2+ 3+ 
(HO) ,CrCHCN + Cr (OH,) ¢ 
CH.CN 
2+ 
k3 [ene a 
2+ a1 5.18 
er + NCCH.CH,CN + Cr (OH,), ( ) 
ot 2+ 


(H,0) «CrNCCH=CHCN”" + Cr 


Significantly different results are obtained when 
chromium(II) is allowed to react with complex V-l, 
(HO) ,CrNCCH=CHCN>*, which is the initial product formed 
by reaction of chromium(II) with (WH) ,CONCCH=CHCN* . 


In the product studies, the reaction was allowed to proceed 


for ten half-times and then excess chromium(II) was 
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oxidized with either O5 or [ (NH) CoN] (C10 Both 


5 Nie 
oxidants were employed in separate ion-exchange experiments 
Since their reduction products, [ (H,0) Cr (0H) ]5°* and 
(H0) ,cxn,**, respectively, have considerably different 
elution properties that allow the successful isolation of 
all the products formed by reduction of complex vV-l. 
Reaction mixtures were charged onto columns of Sephadex 
SP=-C25 cation-exchange resin and the initial eluant was 
collected and analyzed for any unreduced fumaronitrile 
ligand. By combining the results obtained from the two 
different oxidants, the following observations were made. 
A red fraction (Band 1') was eluted from the column 
with 0.2 M HC10,- Thas fraction ‘was sfound ttosconsist 
of a small amount of a chromium-containing species as 
well as large amounts of Goa: the latter formed from the 
Bequctron sof ethe .cobalt(III) complex. Complete character— 
ization of the chromium(III) complex by electronic 
absorption was not possible due to its low yield and 
extensive contamination with go gus However, the complex 
appears to have maxima in the 520, 410 and 270 nm regions. 
This, coupled with its elution properties, allows the 
complex to be tentatively formulated as complex V-2, 
(HO) .CrCH (CN) CH,CN**, mirueh tis talso ta product from the 
reduction of free fumaronitrile. 

A blue band (Band 2') was eluted from the column 
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this fraction revealed that it was ex (CH ae More 
strongly retained on the column was a small, yellow-red 
fraction (Band 3') which was removed from the column 

using 0.2 M HC10, TO. 5M Naclo,. Analysis on 
representative samples of this fraction revealed that it 
contained both a cobalt(III) complex and a chromium- 
containing species.._The cobalt(III) complex is presumably 
(NH) ,CONH,C (0) CH=CHCN?* which, from independent studies, 1?! 
is known to be formed by hydrolysis of the cobalt(III) 
complex of fumaronitrile. Again, because of this 
contamination and the low yield of the chromium complex, 
the complex was not characterized by its electronic 
spectrum. Nevertheless, its elution properties are 
identical with those observed for complex V-4 which is 
also formed in the reduction of free fumaronitrile, and is 
assigned as such. 

A purple band (Band 4') was eluted from the column 
with 0.2 M HC10, shal, Henegaeut NaCclo,. Its elution properties 
are similar to that of complex V-4 and is probably of 
Similar charge. The electronic spectrum of this complex 
revealed maxima at 532, 408 and 263 nm and, assuming that 
it is a dichromium(III) species, the molar extinction 
coefficients are calculated to be 116, 123 and 4782 ut cm, 


respectively. Such a spectrum is consistent with an 


organochromium(III) species, and it is suggested that the 
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complex can be formulated as 


O 
It 5+ 
(HO) .CrCHCNH,Cr (OH,) . 


CH.CN 


Veo 


where the coordinated nitrile has been hydrolyzed to the 
corresponding carboxamide. As illustrated, complex vV-8 
is assigned as the nitrogen-coordinated isomer, although 
it is possible that linkage isomerization to the oxygen- 
bonded carboxamide has occured. 

A strongly retained red-purple fraction (Band 5') 
was eluted from the Sephadex column with 1M HC10, in 


2M Naclo,. The strong binding to the resin suggests 


that it is highly charged and is probably a trichromium (IIT) 


species. Its electronic spectrum is shown in Figure 16 

and exhibits maxima at 529, 405 and 260 nm with molar 
-1 -1 

extinction coefficients of 155, 145 and 6540 M Om; 


respectively. This complex may be formulated as either 


V-9 or V-10. 


O 
8+ H 8+ 
(HO) ,;CrCHCNCr (OH,) - (H,0) ,CrCHCNH,Cr (OH)) « 
CH,CNCr (OH,) 5 CH.CNCr (OH.) 5 
v-9 v-10 


In structure V-10, the nitrile group adjacent to the 


organochromium(III) moiety has been hydrolyzed. As for 
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complex V-8, isomerization to the oxygen-bonded carbox- 
amide complex is possible. 

These possibilities may be distinguished on the 
basloeot Other information.’ Certainly, of the 
two species shown, V-9 would be the more likely initial 
product of the reaction between V-1l and chromium(II). 
However, immediately following the initial reduction 
reaction, a second rapid reaction was observed at 355 and 
750 nm. The rate of this reaction was found to be in- 
dependent of both the acid and chromium(III) concentrations. 
The rate data for this reaction are summarized in Table 
C-21 of Appendix C. The first-order rate constant was 


1 


Boduderomhe 02103 2° 0:010 s ~ (25°C,'0.50 M Li€lO,-HC1O,) 


& & 


and it may correspond to the hydrolysis of V-9, according 


to the reaction 


1 Ge 


ee ly i 8+ 
(HO) .CrCHC=NCr (OH,) —— > (H,0) ,CrCHCNH,Cr (0H,) 
25 ai 225 ae 2S agi 245 
= 2 = 
CH,C=NCr (OH,) . CH CaNCn (OH ji 
v-9 V-10 (5.19) 


Therefore, the complex isolated by ion-exchange chroma- 
trography is believed to be V-10, or its oxygen-bonded 
isomer. 

In aqueous acid, this proposed trimetallic species 
is observed to undergo spectral changes. In the ultra- 


violet region, the shoulder at 235 nm disappears and an 
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isosbestic point is maintained at 308 nm. In the vieipie 
region, the absorbance decreases in the 530 nm region 
whereas a small increase is observed near 410 nm, as 
Siowiein Figure 1/- The maximum at 529 nm shifts initially 
EOeos2 NM arter Lour hours, during which time isosbestic 
behaviour is found at 444 and 406 nm. This low energy 
band subsequently shifts slowly to 522 nm with an isosbestic 
point at 498 nm. These spectral changes suggest two 
consecutive reactions. The initial changes in the visible 
spectrum are consistent with the formation of V-8 which, 

at least for the present series of organochromium (IIT) 


complexes, is unique in the position of its low-energy 


absorption band (A ==3552°nm) . 
max 
O 
: cate (H.0) -CrCHCNH.Cr (oH.) .>* 
(HO) 25S (OH.) 5 a. 2 ) 5 ic 2 2)5 
2 
CH,CNCr (OH,) , CH5CN 
v-10 V-8 


+ 


+ Gr (Ol, ee (5.20) 


The second phase of the reaction probably corresponds to 


the aquation reaction 


e) 
I 5+ ko I 2+ Dae 
. OH 
Bock ee aa Lac 205 —— > (H,0) ,CrCHCNH, ‘Beall 26 
CH.CN CH,CN 


v=s V=6 (5.21) 
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Indeed, when the reaction is monitored at 240 nm, the 
absorbance changes fit a consecutive reacton scheme. For 
[v-10] = 1.4 x 10°* M, [HC10,] = 0.10 M ana [Naclo,] = 
0.10 M, non-linear least-squares analysis of the absorbance 
changes yield k, = 2.0 x Omens patie kocudide Ogx LON te 
ecnc5° Ce. 

Product analysis experiments on Dowex 50W-X2 of 
hydrolyzed mixtures of complex V-10 corroborate the 
reactions described above. Elution with 0.5 M HC10, 
separated a red complex from a more strongly adsorbed 
blue species which was eluted with 1.0 M HC10,- Chromate 
analysis revealed that the ratio of the chromium content 
of complex. V-10 : red band : blue band was 3.00:0.96 + 0.04: 
2.05 + 0.03. The blue complex was determined to be 


Cr (OH * from its spectral properties. The red fraction 


ea 
has maxima at 518, 411 and 269 nm with extinction 
eocfficients,of(| 96.7, 125: and 3800 Se eri respectively. 
These spectral results are essentially identical with 
those reported previously for complex V-6 which is formed 
by hydrolysis of Band 4 obtained in the reduction of free 
fumaronitrile. Therefore, the chromium content, elution 
properties, and spectra of the final products substantiate 
equations (5.20) and (5.21). 

The last product found in the reduction of complex 


V-l1 is a purple species (Band 6') which does not elute 


from the column with even 1 M HC10, in 4M NaClo,- In 
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addition, this complex does not decompose to elutable 
products. It could only be removed from the resin after 
conversion to chromate using alkaline peroxide. 

Listed in Table 22 are the distributions of the 
products formed by the chromium(II) reduction of 
3+ 


3) 5CONCCH=CHCN at both 0.388 M and 0.05 M HC1O,. 


Values reported as "%$ as Chromium" were obtained by 


(NH 


assuming that reduction of the cobalt(III) centre yielded 
onevequivalent ‘of chromium(III) in the form of«complex 
V-1l, which has already been demonstrated, and that the 


fraction of complex V-1 that undergoes additional 


reduction (as compared to aquation) consumes two additional 


equivalents of chromium(II). The results suggest that 
there is quantitative recovery of chromium in the various 
bands. Values reported as "% as Ligand" are based on 

the amount of fumaronitrile consumed, the amount of 
chromium found in the various bands, and the assumption 
that the products have the empirical formulae described 
above and as listed in Table 22. Clearly, complex V-10 
is the principal product of the reduction. Indeed, the 
yield of V-10 may be larger than shown since it is likely 
that the small amounts of complex V-8 isolated arise 

from aquation of complex V-10 during the ion-exchange 
procedure. In addition, only marginal differences in the 
product distributions are observed at the two acid 


concentrations. It is also interesting to note that Lf 
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the ratio of the chromium:ligand content of Band 6' is 
either 2:1 or 3:1, then essentially complete recovery of 
the ligand in the form of organochromium (IIT) complexes 
is observed. This differs from the reduction of free 
fumaronitrile where less than 85% of the ligand is found 
Soordinated togchromium(III). Also, the yield of 

Bx(OH5) 27. in the present study is smaller and is readily 
accounted for by partial aquation of the various) products 
formed. 

The results of the kinetic investigations at 520 nm 
of the reduction of (HO) ,CrNCCH=CHCN””, v-1, by 
chromium(II) are shown graphically in Figure 18. As 
illustrated, the pseudo-first-order rate constant (Kosa) 
increases with decreasing acid concentrations and is 
also observed to increase with increasing chromium(II). 
However, the dependence on reductant concentration is 


not a simple one since both first- and second-order terms 


Seem to be present. In light of the results obtained for 


the reduction of uncomplexed fumaronitrile, it is uncertain 


whether the complicated rate law is a true reflection ona 
the mechanism of reduction of complex V-1l, or whether, as 
for free fumaronitrile, it arises from the formation of 
an absorbing intermediate. Unfortunately, the reaction 
is too rapid to carry out quenching experiments to 
ascertain the extent of reduction of complex V-l as a 


function of acid and chromium(II) concentrations. Such 
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experiments would have readily discerned between the two 
possibilities. 

tf the complicated rate data for the reaction, given 
in Table C-22 of Appendix C, are considered to arise 
from the formation of an absorbing intermediate, then 
devising a rate law consistent with the data is hardly 


justified. Indeed, although in qualitative agreement with 


LES. 


the results. at 520 nm, the results obtained at 410 and 750 nm 


are sufficiently different as to suggest that the kinetic 
data is wavelength dependent, at least at high chromium(IT) 
and acid concentrations. In fact, at the latter wavelength, 
an absorbance increase is observed instead of the expected 
absorbance decrease. In addition, at high chromium(II) con- 
centrations, logarithmic plots of absorbance change versus 
time deviated from linearity for up to the first 25% of the 
reaction, particularly at 410 nm. In any event, the results 
at 520 nm seem to be the most reliable and will be used in 
formulating the rate law for this reaction. 

Also shown in Table C-22 of Appendix C are the values 


Of k ea for this reaction which have been corrected 
obs 


COLT 
obsd 


already been described (equation (5.7))-. It should be 


(k ) for the aquation of complex V-1l, which has 
noted that this correction is only significant at lower 
chromium(II) concentrations where reduction and aquation 
of complex V-1 become competitive. The rate data at 


520 nm are consistent with a rate law of the form 
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Non-linear least-squares analysis of the data to this 


scheme yields the values a = (1.7 + 0.5) x Tome Sas 
eee 0 12) lo Me st, and c = ($0502 15) seon 
oe (550, O50 eM Licl0,-HC10,) - The calculated and 


observed rate constants are in good agreement, as is 
shown in Table C-22 of Appendix C. Other empirical rate 
laws were fitted to the data but none showed as good 


agreement between calculated and experimental values of 
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Discussion 


A summary of the kinetic parameters for the various 


reactions studied in this chapter are given in Table 23. 


3) sCONCCH=CHCN?* by. chromium(III) 


is certainly a very facile process (k = 1.9 x 10> Po euD 


The reduction of (NH 


and this suggests an inner-sphere mechanism of reduction 
of the type 


k 
(NH) .CONCCH=CHCN>* ar cr** —> syn, + Comm + 


(5.23) 
(HO) ,CrNCCH=CHCN>* 


Vow 


Outer-sphere reductions of simple nitrile complexes of 
(NH) ,Co”* proceed with much smaller rate constants (k ~ 
B62 =) 0.04) Met ape as moted in Chapter “Hill. in 
addition, the detection of an intermediate which absorbs 
near 395 nm is convincing evidence supporting the proposed 
reaction scheme. Finally, the 1000-fold greater reactivity 
towards chromium(II) of V-1l as compared to free fumaro- 
nitrile shows that the latter is not produced in the 


+ 
reduction of (NH) ,CONCCH=CHCN® : 


It has’ been igeeeeed< that cobalt (Iil) ‘complexes 
containing reducible ligands may undergo reduction by a 
chemical mechanism in which a ligand-centred radical 
is initially formed which subsequently reduces the 


cobalt(III) oxidizing centre. Such a mechanism has been 
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NOCHOCHOON + ¢? (SHO) 9 ¢ .54D + ,,NOHOID2(0CH) 
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proposed for several systems, including the complexes of 


isonicotinamide,** fumaric aciq?8+139,152 


40 


and maleic 


aud : 
acid. It 1S thought that the rates of electron 


transfer may be related to the energy of the lowest 


2aRLST 


Maoccupied orbital on the ligand. The energy of 


this orbital has been shown to be related to the polaro- 


graphic half-wave reduction potentiates 2° Shown below 


are a series of nitrile ligands which are listed in 
order of increasing ease of reducibility as judged from 


their polarographic half-wave reduction potentiates" 7 


and the rate constants for reductions of these (NH) ,co”” 
complexes by chromium(III). 
O O 
se-{O)-cn s w{O)-ben, < we{O-, < NCCH=CHCN 
0.92 6.0 x 10> sls ales 1.9x10° 
ele 1 (2:55) ote (142) eins eet (142) Bleed 


The results do show a qualitative relationship between ease 
of reducibility and rate of reduction but the nature of 

the reductant binding site also seems to be important. 
Therefore, the relative rates of the 4-formylbenzonitrile 
and fumaronitrile complexes compared to the terephthalo- 
nitrile and 4-acetylbenzonitrile complexes can be ascribed 
to their greater reducibility. However, the greater 


reduction rates for the 4-acetyl and 4-formyl derivatives 
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compared to the nitriles of similar reducibiLicy, 
terephthalonitrile and fumaronitrile, respectively, may 
be due to the greater Lewis basicity of the carbonyl 
oxygen compared to the nitrile nitrogen toward chromium- 
eae imvany event, the fact that the fumaronitrile 
complex fits the pattern just described and the observa- 
tion that free fumaronitrile also undergoes net reduction 
by chromium(II) may suggest that reduction of 


(NH 3+ 


3+ 


The aquation of (HO) -CrNCCH=CHCN iS. SAmidareco 


Tata tease 
exhibits both an acid independent and inverse acid 
dependent term in the rate law. The inverse acid term 


is normally ascribed to reduction of 


tel: 
(HO) , (HO) Cr X 


Some representative examples are shown in Table 24. 
However, complex V-l1 differs from other entries in Table 
24 in that it is substantially more labile to aquation 
than the simple inorganic systems but is significantly 
less reactive than keto and aldehyde complexes of 
Phromium (117). 11427161162 In this respect, complex 


V-1 resembles the terephthalonitrile complex of 


Be) Cro 3° It should be noted that these two nitrile- 


bonded systems may not be typical nitriles because the 


3) 5CONCCH=CHCN proceeds through a chemical mechanism. 
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NCCH=CHCN 
HC(O)CgH,CO5H 

HC (0)C¢H,CH=CHCOH 


CH3C(0)CgH,AC=N 


1.2x107° 


2.8x107/ 
3.8x1076© 
8.4x107° 
1.7x107> 
7.2x107> 
1.2x1072 
24.4 


7.6 


1.0x107 !9 


2.8x1078 


9.0x107/ 
3.4x107> 
pupa lira 
1-4x107/ 


4.1x1074 
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electron-withdrawing groups N=CCH=CH- and N=CC H,- would 
be expected to weaken the chromium to nitrogen bond. 
Indeed, there is some evidence that the acetonitrile 
complex (H0) ,CrN=CCH,>*, formed by oxidation of aqueous 
solutions of acetonitrile containing chromium(II), under- 
goes aquation less rapidly.?®? 
The reactions.of chromium(II) with free fumaronitrile 
and the chromium(III)-fumaronitrile complex V-1 differ 
from one another in that the latter is reduced about 1000 
times faster. In both reactions, the dominant pathway 
is second order in chromium(II), but the mixture of 
products seems quite unrelated at first sight. However, 
the predominant products can be rationalized on the basis 
of a common reaction scheme which involves an initial 
equilibrium to form a chromium-fumaronitrile complex 
followed by rate controlling reduction by a second 
chromium(II) and proton addition. An additional principle 
involved in formulating the reaction schemes is the 
assumption that a nitrile bound to a chromium(III) with 
another chromium(III) on the a-carbon is rapidly 
hydrolyzed to a carboxamide. Such a nitrile group might 
be expected to be particularly susceptible to hydrolysis 
because of the high charge of the complex and the proximity 
of the two electron-withdrawing (uJo)'gcx?* moieties. 


The reaction schemes are formulated initially ina 


minimal way without specifying the electron distribution 
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CRIES 


in the initial complex. For free fumaronitrile, the 
proposed reaction scheme is shown in Scheme (5.24). 
Attack of chromium(II) on the initially formed {CrNCCHCHCN}** 
complex and subsequent protonation yields a mixture of 
complexes V-4 and V-5. Complex V-4 might be the predominant 
product on steric grounds. In any event, V-5 could undergo 
decomposition to yield V-8 since, as noted earlier, the 
nitrile group coordinated to chromium(III) and adjacent 
to the organochromium(III) entity might be activated 
toward hydrolysis. However, complex V-8 was not observed, 
possibly because complex V-5, from which it would be 
Zormeay, 1s Only produced in a small yield. It is also 
possible that any V-8 that was produced could have been 
eluted with later fractions of Band 3 since its elution 
properties (as observed for complex V-8 formed in the 
reduction of V-1) are similar to that of V-4. Nevertheless 
Scheme (5.24) is consistent with the isolation of v-4 
as the predominant species (~68%). 

The analogous scheme for the reduction of 
(HO) <CrNCCH=CHCN*", V-1, is shown in Scheme (5.25). In 
this case, the intermediate {CYNCCHCHCNCr }>* is assumed 
to be symmetrical (a chromium on each nitrile) and 
reduction by a second chromium(II) and protonation produces 
only one initial product, V-9, which is rapidly hydrolyzed 
to complex V-10. Indeed, absorbance changes observed at 


355 nm and 750 nm may correspond to such a reaction 
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Scheme (5.24) 
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Scheme (5.25) 
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4 
aquation during the ion-exchange separation gives some 
V-8(Band 4') from V-10 (Band 5'). At high acid concentra- 
tions, Bands 4' and 5' contain about 11 and 69%, respectively, 
of the ligand to give a total of 80% of the ligand accounted 
for by this scheme. This scheme also predicts that the 
amount of GU(CH sy ae should be equal to or greater than 
the amount of Band 4', and this is consistent with the 
Observations (Table 22). 

If it is assumed, in addition, that species with 


adjacent chromiums can react competitively to give carbox- 


amide or undergo aquation 


serri 
Lath TEI 
III R-CH-C-NH.Cr 
“e pie 
R-cH-c=ncri ti Tor (5.26) 
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then further products can be accounted for. This is shown 
by the dotted arrows on the above schemes. Therefore, 
Scheme (5.24) shows that complex V-2 may be formed in the 
reduction of free fumaronitrile by aquation of complexes 
V-4 and v-5. Indeed, independent studies on V-4 revealed 
that it did undergo such a reaction (k = 3.60 x LD peer ae 
tose +30 504M LiC10,-HC10,). In any event, complex V-5 
might be expected to undergo aquation more rapidly than 
V-4, and if the aguation should exhibit an inverse acid 


: 84,157-160 
dependence typical of most chromium(III) complexes, 
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then this could account for the larger yields of v-2 
Observed at low acid concentrations (Table 19) where 75.43 
of the fumaronitrile consumed is found as either V-2 or 
V-4. Similarly, as shown in Scheme (5.25), reduction of 
V-l1 produces some V-4 by aquation of V-9, and the results 
in Table 22 reveal that more V-4 is obtained at low acid 
concentrations as expected from these assumptions. [In 
addition, the small amounts of complex V-2 observed 
probably arise from aquation of V-4. In any event, Scheme 
(5.25) would account for 10.8% and 11.9% Cr(OH,),°* at 


eos M and 0.050 M HC10O respectively, compared to 


4’ 
the observed values of 11.0% and 12.7%. Therefore, the 
products V-2, V-4, V-8, V-10 and eri On eam are accounted 
for with the (HO) ,CxNCCH=CHCN?* complex. 

However, neither scheme accounts for the formation 
of the highly-charged species that were not easily eluted 
from the ion-exchange columns. These constitute Bands 4 
emi-10°le)mand Se (ieit—-2.7%) in the reduction of free 
fumaronitrile and Band 6' (ca. 10%) in the reaction of 
V-1 with chromium(II). Similar highly charged complexes 
were observed in the chromium(II) reduction of maleic 
and fumaric See although no attempt was made to 
establish their nature. Unfortunately, assigning the 
structure of these complexes is difficult since there 


is little additional information which would assist in 


their formulation. Nevertheless, it is interesting to 
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speculate on their structure and how they are formed. 
Although the yields of these species are small, 

it seems unlikely that they are chromium (III) -containing 

polymerization or radical coupling products of fumaro- 


mrecrire such as 


cyiil cy til 
NE neHCA NCCHCHCN 
(NecHCHCN) oman 
[ qr1 


Since lower stoichiometries than what were observed might 
have been expected. Rather, it is possible that the 
carbanionic complexes initially generated in Schemes 

fo.24) and (5.25),,.might ‘react with additional chromium(11), 
as shown in Schemes (5.27) and (5.28). Both schemes 
require that complexation of chromium(II) to the carbanionic 
complexes be competitive with their protonation. Certainly, 
the water exchange rate of chromium(III) is very rapid 

i. 2.9.x Loe Sele and its binding to the nucleophilic 
carbon-centred anion might be expected to be very rapid 
also. In addition, these complexes might protonate at 
rates significantly less than diffusion controlled. Indeed, 
although less marked than nitro and ester derivatives, 
nitrile groups have been shown to appreciably decrease 
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the rate of protonation of carbanions. Presumably, 


this arises from some structural and electronic rearrange- 


ment within the anion which delocalizes the negative 
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Scheme (5.27) 
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Scheme (5.28) 
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Charge. In the present series of carbanionic complexes, 
the additional presence of chromium(III) moieties on the 
ligand might be expected to further decrease the rate of 
protonation. In any event, the alkyl-bound chromium(IT) 
complexes could then react with either free fumaronitrile 
(Scheme (5.27)) or complex V-1l (Scheme (5.28)) and 
subsequently be reduced by an additional equivalent of 
chromium(II). This step may proceed by attack at either 
the radical carbon or at the adjacent nitrile followed by 
protonation. On the basis of results already described 
for the reaction of NCCH, ° WLEh chromium( i) w(Chapteraa, ja, 
attack at the nitrile might be preferred. 

The net charge of these complexes may be sufficiently 
large as to make elution of these species on the ion- 
exchange resin very difficult, as was observed. In 
addition, it would not be surprising if these products 


would undergo decomposition. 


a0i. 


rrr? 
Cr i 
iit 3+ 2+ 
crttinccucocn ————* 2Cr(0H.) + 2(H,0) ,CrCHCNH, 
oes CH,CN 
cr**"NCCH,CHCN W=6 (5.29) 


Equation (5.29) suggests that chromium(III)-bound nitrile 


groups may undergo hydrolysis to yield carboxamide complexes 


3+ : 
which may then aquate to yield Cr(OH,),¢ and organo 


chromium(III) products. Such a decomposition process 
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was observed for Band 4 which was obtained in the free 
fumaronitrile system. In fact, the reaction produced 
equivalent amounts of Cr (OH,),°* and an organochromium (III) 
species whose electronic spectrum was identical with that 
of V-6 obtained from aquation of V-10. Similar decomposi- 
tion may also be occuring for the products of Scheme 
(5.28). In this case, however, owing to the much higher 
charge of this complex, decomposition may. not have 
proceeded to a sufficient extent during the same time 
interval (2 days) to yield complexes of low enough charge 
to be eluted from the resin. 

The observation that only slightly smaller yields 
of the highly-charged complexes are formed at low acid 
concentrations could be taken as evidence against Schemes 
(5.27) and (5.28). However, protonation of the carbanionic 
complexes could be brought about by interaction with 
water, 1°? rather than acid, in which case the yields of 
these complexes would be expected to be invariant with 
changing [H’]. Schemes (5.27) and (5.28) would also 
predict that larger amounts of these highly-charged complexes 
should be formed at higher chromium (II) concentrations. 
However, this was not examined. In any event, Schemes 
(5.27) and (5.28) are speculative in nature and await 
futher confirmation. 

The major product difference between the reduction 


+ ene 
of (Hy0) ,CrNCCH=CHCN™ , v-l1, and free fumaronitrile is 


+808 


avn} ot? at o 
benwhorrey sate 7 

(72%) si hacwisomdemee oh n, 
sera wt ce inci taoak al 


-teianigoed ve Edtece —- 


peysigy By be re & 


caitonit ferme salable pele iaie-wandal 
ava UO, qe anianaiinsats: peer 


Stich. ame wdat Coe ateabede aseanteanalt 


apuad>, dpeoat wal 36 yes app 0a 
ahlaiy teilem Slade Yideaes ae 
Bros. wet oe hariel e¢h geneigmoo £ wr 

someon sentee Semele ee ndded sit: 
otacctazsdisn offs ae rot SAC ae 
fitiw notidegetad oft seed setouord ‘sa oiponss 
to SOfsiy ere seed Mpilige #2 ghee emits) 
dsiw tnatunwed, ode Sedoagte ed biocw aanpee 
oais bluow (#88) Baw (TS.2). someros Ky 
sexoiqney begredo+yidpld epene to esnwons sedual salt, 
BOLI AT IMAOKOS (72) aumento sarteic 38 beazo3. a 
eomereada  tneave wae al.. -bentosxe Jon aa 2. = a 
tisws bre etuten ob evkieliceqe: qe) 49S 6B] bas (th, 


ee 7 


igigoobet oid neowted: enorme ttith touboe tg eee 


ye 
at eitttinornsy? ees8 tad 4 i-v «pono 20393 (0,8) RO 


ad 


208. 


the larger amount of GR (OH 5) 7, produced with the latter. 
PipsaACt sw ncually).all of the eo(OH, aay found from 
reduction of V-1 can be accounted for by the aquation of 
organochromium(III) complexes, as shown in Scheme (ore) 
and described earlier. On the other hand, even after 
Correcting for the aquation of v-4 and V-5, up to 213 of 
the chromium(III) formed in the reduction of free 


3+ 


fumaronitrile is found as Cr(OH (Table 20). In 


aN 
addition, unlike the reduction of V-l in which essentially 
all of the reduced fumaronitrile is found coordinated to 
ehvomium(Til)i,;sless than 85% of the ligand is recovered 

as chromium(III) products in the reduction of free 
fumaronitrile. Both observations are unaccounted for by 
Schemes.i(5. 24), and..(5.27).. It,may ube that the large 

yield of SStOlL ee arises from outer-sphere reduction 

of free fumaronitrile. Alternatively, it may result from 
competitive reactions of chromium(II) at either the carbon 
or nitrile nitrogen of the chromium-fumaronitrile precursor 


complex as shown in reaction (5.30). 
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{CrNCCHCHCN}2* + cr? (5.30) 
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ppecies V—-11l* would aquate to cr (Os ere and succinonitrile. 
That these paths are competitive is consistent with the 


2 


+ 
Observations in the Cr -NCCH,I System (Chapter IV), where 


only 25% organochromium(III) product is formed. 


Such a reaction scheme also explains why no Cr(OH ai 


206 
is formed directly in the reduction of V-l. In this case, 
both nitrile groups in the precursor complex 
{CrNCCHCHCNCr}>* are complexed to chromium, and attack of 
Snromium(it) can only occur at carbon., Therefore, only 
Oorganochromium(III) products would be formed which is 
consistent with the product analysis results. 

Tomcwis pOint “in the discussion, the precursor 
complexes have been formulated in a general manner without 
specifying the electron distribution. Two different 
formulations are possible. The precursor complexes might 


arise simply from reductant binding at available nitrile 


Geoups as shown in equations (5.31) and (5.32). 
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cr?* + crt necH=cHen — Gr NCCH=CHCNCr ae ore 


Proaqyces ~(5232) 


Then reduction of the ligand does not proceed until 
attack of the second equivalent of chromium(II) so that the 


reaction rate has the observed second-order dependence 
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en chromium (It) Alternatively the precursor complexes 
may be considered as radical anions formed in an unfavour- 
able equilibrium from chromium(II) and the olefin as 


shown in equations (5.33) and (5.34). 
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k k 
2+ Be 
Cr” + NCCH=CHCN — erotics (NCCHCHCN) ° ae Products 
ki (Gg 
5.33) 
k 
+ - 
cr? + crt I yecu=cucn =e > erttt_ (nccucuen) 7-critt 
k 
-1 2+ 
Ka [ce 
Products (534) 


If a steady state is assumed for the radical anion, then 


the apparent rate constant is given by equation (5.35). 


Jt eh 
k,k, [cr ] 


obsd 


k +k, (Cr“*] 


all 


This will give a second-order dependence on chromium (ITI) 


Peek. >> a ferent pe It is noteworthy that equation (5.35) 


af 


predicts a first-order chromium(III) dependence if 


k is ceuccraeas he This is consistent with the observed 


rate law for reduction of maleic and fumaric acids by 
chromium(11) .4/ Since reactions between chromium (II) 


and aliphatic radicals are known to be facile (k, 8 


(0.35-3.5) x 108 mt 571) ,8+ it seems likely that changes 


an k 1 will be most important in determining which limiting 


condition applies to equation (5.35). Therefore, it could 
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be argued that nitrile groups are better electron mediators 


17-0 4,1°72 


than carboxylate groups, 


and as such, k_, would be 


u 
expected to be larger for fumaronitrile than for the 


carboxylates. This provides a rationalization for the 
different chromium(II) dependencies in the fumaronitrile 
system and carboxylate systems. 

The failure to observe radical coupling seems to be 
an argument against the radical mechanism. However the 
reactions of the fumaronitrile radical anion with itself 


or unreduced fumaronitrile have been studied in dimethyl- 


2 
( ) 


(NCCHCHCN) * (5.36) 


NCCH=CHCN 
jae z 
(NCCHCHCN) .° 


2 


formamide 


aa Po ee fsb 
and estimates of 7 x 10° M : S 1 and? 1 so Es en s were 


obtained for k and k', respectively. Under the conditions 
of the present study where the concentration of fumaro- 
nitrile or any radical species would be much smaller than 
that of chromium(II), it is very unlikely that reactions 
analogous to those of scheme (5.36) would be competitive 
with attack by chromium(III). 

Another argument that could be brought against the 


Tadical mechanism is that the chromium(III) radical anion 
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intermediate should undergo rapid Protonation and. aca 
result, exhibit a first-order dependence on [H’] which is 
not observed. However, as noted earlier, protonations of 
carbanions are not always diffusion controlled, and it 

is not certain that the proposed radical anion intermediates 
would protonate that rapidly. Alternatively, protonation 
could be from the solvent water, in which case a first- 
order acid dependence would not be expected, provided 

that the reverse reaction is slow and the equilibrium 

ves Lar to the right (protonated form). 

The above discussion is intended to illustrate that 
the radical mechanism may not be as unlikely as it might 
appear initially. However, these arguments do not exclude 
the simple chromium(II) precursor complex formation scheme 
Sevequations. (5.31) and (5.32). The latter could account 
for the different rate laws by supposing rate-controlling 
electron transfer within the precursor complex for the 
carboxylates, and rate-controlling reduction of the 
precursor complex for fumaronitrile by a second equivalent 


Srechnromium(Tt) . 


LS 
As noted earlier, a simple third-order rate law 


is found for the reduction of free fumaronitrile if the 
reaction is monitored at 750 nm or by quenching, but an 
inverse acid dependence appears when monitoring the 
reaction at 520 nm. The simplest explanation for this 


behaviour is the formation of an intermediate which does 
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not absorb in the 750 nm region but which does absorb at 
520 nm, and thereby affects the spectroscopically 
determined rate law at this wavelength. The nature of 
this species is uncertain, but on the basis of results 


already discussed, it may correspond to complexes V-5 or 


Ssilaigl 
(HO) -CrCHC=NCr(OH,),>* (HO) _CrN=CCH.CH.,C=NCr (OH..) .©* 
DES = 2)5 On! Seta tae te ak 2)5 
CH,C=N 
v5 polit 


Both species have been proposed as unstable products of 
the reduction reaction and both might be expected to 


84, 157-160 during their 


exhibit an inverse acid dependence 
eeuation to stable products. This may account for the 
apparent acid dependence of the reduction reaction when 
monitored at 520 nm. 

In light of the above discussion for the free fumaro- 
nitrile system, it is uncertain whether the complicated 
rate law (equation (5.22)) obtained for reduction of 
(HO) ,CrNCCH=CHCN*", V-1, truly represents the mechanism 
of reduction of V-1 or whether, as for free fumaronitrile 
ae) 520 nm, at arises as a result of the formation of an 
absorbing intermediate. Unfortunately, quenching experi- 
ments analogous to those employed in the free fumaro- 
nitrile system were impossible owing to the rapid rate 


Betihe reduction. In addition, preliminary studies at 
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750 nm did not give the anticipated absorbance decrease 


expected for loss of chromium(III). Presumably, the 
absorbance increase attributed to the organochromium (IIT) 
products formed is greater than the small absorbance 
decrease for oxidation of chromium(II) at this wavelength. 


Nevertheless, this result, coupled with the apparent 


ole hana 
obsd’ 


in the reliability of the kinetic data to formulate the 


wavelength dependence of k leads to some uncertainty 
mechanism of reduction of V-l. Clearly, both possibilities 
must be considered. 

If the kinetic results actually reflect the mechanism 
of reduction of V-l, then the following scheme is consistent 


with these results: 


Le 
Ko 
+ oqo 
K 
3+ Q+ 1 5+ 
(HO) ,CrNCCH=CHCN +1Gr <— {(H,0) ,CrNCCHCHCNCr (OH), } 
2+ 
ws ky Gg i 
= 2+ cs Products 
(HO) , (HO) CrNCCH=CHCN + H 
ky ere? 
i Sah) 
Products 


Species "X" is a complex whose nature will be discussed 
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later. In addition, the precursor complex has been 
formulated in only a minimal manner and can represent the 
assignments of either equation (5432),07r [5.228456 


The derived first-order rate constant (keen takes 


obsd 
the form 
+ 2+ 2+ 
corr _ (kj K, + kok, [H PL Cra ye here) ee 
Obed + = 2+ ~ : 
[H ]+K,+K, [H ier ] (1+K, [H }) 
aa 
eee) SUE feand if K, << [H*) + Ki KS 1H) iglecge even 
Kooks 
(43 + kK, [cr7*}) tor?*y 
CORT Lie] eee ee (5.39) 
obsd y 


i + 
1 + K,K,[H er a5] 


which is of the same form as that obtained experimentally 


(equation (5.22)). The various terms have the following 


values: k,K, = (1.7 # 0.5) x pores KK, = (2.01 4 
oe, cota aes Ga: e. hel (otis Cit, SYR 10) 7? 


S PZ 


-HC10,)- 


Oei2) “x10 
eC O'P50 iM Liclo, 


The products of the k, reaction are assumed to be the 
organochromium(III) complexes already formulated in 
Schemes (5.25) and (5.28). On the other hand, the ky 
pathway may not yield organochromium(III) products since 
it is unclear why deprotonation of a water molecule on 
complex V-1 should facilitate organochromium(III) product 
formation. However, the ky pathway can be accounted for 


if, rather than ligand reduction, the reaction pertains 


to chromium(III) catalyzed aquation, according to the 


:0is 


od?! tase i 
| ieee" 
‘aaaed (eae ‘aot oem 


pr a a 


(St .0) 


aie ai ‘Whitt 4 i a so em 
fire is a Lat cage 
Pte 


‘Tiedoem lee fae “sete as into? sci 
onswoltet ett ig? amtea? ouskase ad? “a 


(@€, 2) 


en eee o ak x (200 8) 
oy hee a are aoe tpt tae ee 
| -hyoroe-orota) 


oft of od Remakes Ox AGSIDAST gH Orit Yous 
nk beesLawee? ybsonte doxeigues (tith 
pi etd Geant sete df ad 5 (68.2) baw (2 hs a 
extie atseber. ee Blely son) ae 
n& elyoatom\ tegeM & Ro nottenotozqeD vie a 
towhorq (TLD) erimesdsenépye $és3ilLost | 
197 besnugnos ed das quwding il sit Tevewoll . 
eitiesusq colicaes sfi2 ,noisoobex baspht nedt sedjet 


etd oO) palisoose Anka na 


y 


od 
_ : 


es 


reaction 


of 
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2+ + Nad 
oro) 4 (H,0) , (HO) CrNCCH=CHCN? —> [cr*t~o-ertT_yccH=cucn) t 


30 (5.40) 


Ga OUD) sac cr?* 4 NcCH=CHCN 


where inner-sphere electron transfer through a bridging 
OM group occurs. 

As evidence in support of the assignment, Figure 19 
illustrates that there is a linear relationship between the 


uncatalyzed (k Jana Chromium( lL) \cataly zed sek ) 


uncat Cat 
inverse acid dependent aquation terms for halide complexes 

Sto 4—-S6,157/,174 
See 


reactions, the inverse acid dependent path arises from 


Sf cr (OH In the chromium(II) catalyzed 


inner-sphere reduction via a bridging OH group. Such a 


i i idental. 
relationship between Kae and ee may not be accide 


Indeed, just as stretching of the Cr-X bond is an obvious 
requirement for release of X in the uncatalyzed aquations, 


distortions along the Cr-X bond may lower the energy of 


104,105 


the acceptor orbital on chromium(III), thereby 


facilitating its reduction by chromium(II). In any event, 


3+ 
the observation that (HO) CrNCCH=CHCN follows the 


s 
pattern established by the halide complexes may suggest 
that it does undergo chromium (ITI) catalyzed aquation by 


inner-sphere electron transfer, as suggested above. 
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Much more difficult to explain is the nature of "x" 
in scheme (5.37). The kinetic data require that it is 
formed by protonation of the precursor complex and is in 
rapid equilibrium with it. If the precursor complex is 


mormulated as in equation (5.32), then "X" could be 


(H,0) cae acc crGaNCe (2) 


5 5 


ii 


where a proton has become associated with the double bond, 
or perhaps with one of the nitrile groups. However, this 
is very unlikely since independent experiments on free 
fumaronitrile suggest no such interaction. Alternatively, 
if the precursor complex is formulated as a radical anion 
Soecies, then its® protonation ‘could be represented ‘by 


equation;(5:. 41). 


— G + = 
PeoOvecr. NcCCHCHCNGr~--(OH,). + 2 <—_= 
9°) 5 2)5 
III : III 
(H,0) ,Cr*"NCCHCHCNCr® ~~ (OH) 5 (San) 


However, this protonated radical would be expected to be 
rapidly reduced by chromium(III), a feature that is 
inconsistent with the proposed mechanism. It could be 
argued that the protonated radical may exist in other 


resonance forms such as 
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where additional reduction by chromium(III) may be inhibited 


because of steric restraints around the chromium(III)- 
bound nitrogen-centred radical. Indeed, evidence for 
nitrogen-centred radicals has been obtained for reaction 


of hydrogen atoms and solvated electrons with aliphatic 


175,176 


Mitriles and also in the reactions of Siac) with 


ER) 


acrylonitrile. However, the required lack of reactivity 


of "X" toward chromium(II) is still troublesome, even if 
"X" is of the type shown in equation (5.42), since outer- 
sphere reduction of the radical might have been expected 
to be sufficiently facile to yield reduced products. 
Indeed, our inability to devise a reasonable formulation 
of "X" may imply that scheme (5.37) is not operative. 
This, in turn, may suggest that the kinetic data from 
which the scheme was proposed may be affected by some 
other reaction or absorbing intermediate. This is con- 
sistent with the observed wavelength dependence of Kapaa 
The nature of such an intermediate is uncertain. 


It may possibly have a structure analogous to complexes 


V-5 or V-1l which were proposed to account for the 
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apparent acid dependence observed for the reduction of 
free fumaronitrile at 520 nm. Alternatively, it may arise 
from the rapid decomposition of the initially formed 
complex V-9 to other organochromium(III) products. Indeed, 
such a reaction was observed at 355 and 750 nm (k = 0.103 
ig a) and was tentatively ascribed to the hydrolysis 

of the a-nitrile in V-9 to yield the nitrogen-bound 
carboxamide complex V-10. However, as noted earlier, it 
is possible that V-10 is the oxygen-bonded isomer. On 
this basis, it is possible that the reaction observed at 
355 and 750 nm is the isomerization reaction 


O OCr (OH,) . ae 
8+ 
gr (OH,) 5 kik howceul tae 42 


CH,CNCr (OH,) CH,CNCr (OH,) . (5°. 4:3) 


II 
ee Sangre 


He this is assumed, then it’ obviously necessitates that 
the hydrolysis of V-9 precedes this reaction and it may 
be that the reaction is competitive with the formation of 
V-9. Since it might not be surprising that hydrolysis 

of the a-nitrile would be inversely dependent on fee); 
this may also account for the apparent acid dependence 


of iseadese In any event, this is one way to account for 
Ss 


the results. 
In comparing the chromium(IT) reductions#oieEree 
fumaronitrile and complex V-l, it is clear that the 


attachment of the chromium(III) moiety in V-1l has increased 
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the rate of reduction of the ligand by about 10° times. 
This is expected since coordination of (Hooyecned would 
enhance the electron acceptor properties of the ligand, 
thereby making it more reducible. A similar rate enhance- 
ment might be expected for the analogous maleate and 
fumarate complexes of chromium(III). However, based on 
the results of other workers, this does not seem to be 
the case. Although the kinetics have not been studied 
in detail, it appears that the monodentate and chelated 
chromium(III) complexes of maleic acid undergo reduction 
of the coordinated ligand by at least a factor of ten 


141,147 


less rapidly than for the free acid. Results on 


the fumarate complex likewise suggest that the coordinated 


48,139,152 whis aifference 


ligand is not readily reduced. 
[mereactivyity may result from the fact that in the free 


carboxylic acids, reduction of the fully protonated ligand 


occurs whereas in the chromium(III) analogues, the coordin- 


ated ligand has lost at least one proton. It has been 
shown that deprotonated maleic and fumaric acids are 

, 178,179 
less reducible than the fully protonated acids. 
Therefore, the decreased reactivity of the carboxylate 
complexes could be accounted for if the chromium (IIT) 
moiety is not as efficient as the proton in enhancing the 


reducibility of the ligands. Clearly, this ts.neroe 


complicating feature in the fumaronitrile system. 
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Although the nature of the various organochromium (IIT) 
complexes formed in the reduction of (H,0) ,CrNCCH=CHCN?* 
and free fumaronitrile have been discussed at length, 
additional comment is required on the reactivity of some 


of these toward various reagents. For example, 


+ 
(HO) .CrCH (CN) CH,CN* , V-2, formed in the reduction of 


free fumaronitrile, is extremely stable to protolysis. 


mir adattion, it is unreactive to external oxidants such 


Boo; (NH) ,CON,** and Ag. This suggests that the 


complex is not reactive to homolytic cleavage of the 


35,180 


chromium-carbon bond. Unlike many other organo- 


enromium (IIT) complexes, /7'°%! V-2 reacts very slowly with 
meceury(Tl) (k ~° 3.2 x eae ut Bae For comparison, 
cn?t VS Cat. iS. Xx ee times more Peace iene 


(HO) -CrCH, 
Apparently, replacement of -H with the bulkier and more 
electron-withdrawing -CH,CN group has reduced dramatically 
the reactivity of complex V-2 for the mercury(II) electro- 
phile. 

Complex V-2 is readily reduced by chromium(II), 


2+ 
resembling the reactivity of (H,0),;CrCH,CN” already 


described in Chapter IV. In this case, however, only an 
fs 


acid-independent pathway is observed (k = 1.19 x 10 


ut gu, 0.50 M LiclO,-HC10,).- As for (H50) -CrCH5CN 


2+ 
, 

it is difficult to understand why either inner-sphere 

electron transfer through a bridging H,O molecule or 


simple outer-sphere reduction should be so much more rapid 
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in this system than what is observed in other similar 


100-103 sees 
systems. Rather, it is suggested that the reaction 


proceeds via a bridged-outer-sphere mechanism. 


a. Sb * 
(HO) ,>CrCHCN er eee se (H0) ,Cr** "CHEN 

Tal, 

CH,CN CH,CNCr (OH,) 5 

eu 
3+ 2+ 
(H50) -CrNCCH.CH.CN + Cr 
cr** (2) 


Se 
Cr (OH,) ¢ + NCCH»CH,CN (5.44) 


The scheme suggests that chromium(II) binds at the 8-nitrile, 
rather than at the a-nitrile group. This need not be the 
case, although there are some attractive reasons for 
Suggesting this. Firstly, the #-nitrile might be expected 
to be the more basic of the two since it is somewhat 
insulated from the electron-withdrawing organochromium (III) 
entity by an additional methylene group. In addition, 
molecular models suggest that coordination at the f-nitrile 
provides closer approach of the two metal centres. This 
should facilitate direct electron transfer between the 
metals. Finally, if the earlier discussion (Chapter IV) 

of the reduction of (H,0) .CrCHCN* is correct, then attack 


at the a-nitrile might be expected to yield a pathway that 
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is inversely dependent on the acid concentration. However, 
this is not observed. In any event, whichever nitrile 
group is the site of reductant binding, the nitrile-bonded 
succinonitrile complex is generated. This complex can 
either aquate rapidly or undergo chromium(ITI) catalyzed 
aquation to yield the observed products. 

The predominant product obtained in the reduction of 
free fumaronitrile with chromium(II) has been formulated 
as (H,0) .CrCH (CN) CH,CNCr (OH) .°*, V-4, as compared to its 
linkage isomer V-5. This was assumed on steric grounds, 
although its related stability toward aquation corroborates 
this assignment. Certainly, complex V-4 undergoes facile 
aguvation. (k.=.3.62x 107." aoe to CEOu, vent and complex 
Ueenevyet it.is.ca..30 times, less,reactive,to.aquation 
than are (HO) .CrNCCH=CHCN** and (Hy0). .CCNGC 4H, CNa cee 
If this dichromium(III) product was actually isomer V-5 
with the second chromium(III) coordinated at the a-nitrile, 
then a rate of aquation closer to those observed for the 
fumaronitrile and terephthalonitrile complexes might be 
expected because of the lower basicity of this nitrile 
group. Indeed, it is interesting to note that the rates 
of aquation of V-4 and (H,0) .CrNCCH, >" ‘63 are almost 
identical. In any event, the results suggest that not 
all nitrile-bonded chromium(III) complexes are as reactive 


142 
to aquation as had been thought previously. 
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It is not clear whether chromium (IT) catalyzes the 
decomposition of complex V-4 since the kinetic data are 
insufficiently reliable to definitely show a chromium(IT) 
dependent path. However, the results do indicate that 
any such catalysis is relatively unimportant at normal 
chromium(II) concentrations, when compared to the 
uncatalyzed aquation.of V-4. Such behaviour is not 
unanticipated because the high charge of this complex 
Memrasanhibit attack by chromium(II). 

As noted earlier, the principal product initially 
formed in the reduction of (H,0) ,CrNCCH=CHCN** is thought 
to be V-9 which then readily undergoes hydration of the 
Q=nitrile to yield complex v-10. This facile hydrolysis 
probably results not only from the high charge of the 
complex but also by the proximity of two electron-withdraw- 
ing chromium(III) moieties near the a-nitrile. The 
assignment of complex V-10 as the nitrogen-coordinated 
carboxamide (or possibly the oxygen-bonded isomer) is 


further substantiated by the decomposition reactions 


observed (equation (5.45)). 
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u 8+ 1 ii 
sre (OED) 5 | > (30) .crcHCNH cr (OH en 
2 
HCNCr (OH,) CH.CN 

V-—10 V-8 
3+ 
+ 
Cr (OH,), 
O 
_ eae 0) .crcuens.2+ 
HO Zee en 2 
y-6 CH,CN 
3+ 
4 Cr (OH,) ¢ (57.745) 
-4 -1 + 
Therefore, the value of ky (2508 20 meting es el City wl ls be bre — 
wo M, [Naclo,] = 0.1M) is remarkably similar to the 


aguation rate constant for complex V-4 (3.6 x ivi goBi 


re, 0.50 M LiclO,-HC10,), considering the different 
reaction conditions. This observation serves to corroborate 
the earlier suggestion that the nitrile-bound chromium(IIT) 
is aquated first. Indeed, the observation that there is 

a 10-fold decrease in the rate of aquations of V-8 

(6 = 3.6% 10° s 1, 25°C, [H"] = 0.10 M, [Nacio,} = 0.10 m) 
as compared to v-4 is further evidence in support of 
equation (5.45) since it is consistent with the expected 
greater Lewis basicity of the carboxamide in V-8 as compared 
to the nitrile in v-4. The value of k, for complex V-8 is 
also consistent with an oxygen-bonded carboxamide since the 
value is remarkably similar to the aquation rate constants 


observed for the oxygen-bonded complexes of nicotinamide 


: ‘ : : 24 
and isonicotinamide. 
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CHAPTER VI 
CONCLUSIONS 


For a number of the complexes studied, complexation to 
(NH) Co?” has resulted in a change in the properties of 
the ligand. For example, coordination of cyanoacetic acid 
through the nitrile nitrogen has increased the acid dissocia- 
tion constant of the ligand by a factor of ten. ®t Aliso, 1¢ 
was shown previously that complexation of malononitrile 


results in a decrease of the PK, ofi thesligandfiromdits ae 


to Bhax 8 


These changes can be attributed to the electron- 
withdrawing ability of the (NH) ,co?* moiety. The electron- 
withdrawing influence of the metal centre has also been 
suggested as the reason that coordinated nitriles are more 
readily hydrolyzed to carboxamides than the free ligands .?®3 
Presumably, (NH) ,Co”* polarizes the nitrile bond making 

the carbon much more susceptible to nucleophilic attack by 
H50 or hydroxide ion. Strongly electron-withdrawing groups 
on the ligand should accelerate hydrolysis also. Indeed, 

of the nitrile-coordinated cobalt(III) complexes studied 
here, it would appear that the malononitrile and fumaro- 
nitrile complexes are the most readily hydrolyzed in dilute 
eeld.e intaddition, oe large number of electron-withdrawing 
(H,0),er>* moieties and nitrile groups in eo Vics 


formed in the reduction of (HO) ,CrYNCCH=CHCN , has been 


suggested as the reason for its facile hydrolysis to V-10. 
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A large part of the present work has centred around 
the involvement of a bridged-outer-sphere mechanism in 
reductions by chromium(II). In Chapter III, the reduction 
of several aliphatic nitrile complexes were studied. 

Based on rate arguments and product studies, the aceto- 
nitrile, succinonitrile, methylcyanoacetate and cyano- 
acetamide complexes of (NH) .Co?* are believed to undergo 
reduction via a non-bridged-outer-sphere mechanism. On 
the other hand, the isolation of a ligand-transfer 
chromium(III) product in the reduction of the cyanoacetate 
complex suggests that reduction occurs within a bridged 
activated complex. Inner-sphere electron transfer is not 
possible because of the presence of a saturated methylene 
@reup in the ligand)’ Rather, a bridged-outer-sphere 
mechanism is suggested in which the ligand serves only 

to bring the two metal centres into close proximity to 
facilitate the electron transfer process. 

The malononitrile complex may undergo reduction by 
a similar mechanism. This is based on the observation 
that the acid independent term (k, = 0.0629 mt s+) is 
nearly three times larger than that for similar complexes 
which proceed by a non-bridged-outer-sphere mechanism. 

On the other hand, the inverse acid dependent term is 
most easily explained by a bridged-innner-sphere mechanism 


in which chromium(II) attacks the remote nitrile group of 
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the deprotonated ligand. Unfortunately, the apparent 
lability of the chromium(III) malononitrile complex 
formed by both pathways precludes the unequivocal 
determination of the mechanism. 

It may be that other complexes thought to proceed 
by bridged-inner-sphere electron transfer may actually 
be undergoing reduction by a bridged-outer-sphere 
mechanism. For example, the nicotinamide complex of 


(NH, ) Gar | ee was found to give 70% ligand-transfer 
#5 
product and could be using a bridged-outer-sphere inter- 


mediate such as VI-l. 


RETDIE 
(NH) ,Co N a) 
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Conjugation effects are not readily transmitted through 
meta positions,+°* and as such, the inner-sphere mechanism 
previously proposed may not be operative. Bridged-outer- 
sphere reduction is possible since oxidant and reductant 


are in close proximity. 


Gould and Dabene observed that dicarboxylate 


bridging groups on ligands coordinated to cobalt (IIT) 


show an He term in the rate law for chromium(IT) 


reduction only when there is potential for chelation 
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between the remote and adjacent (to cobalt) carboxylates 


as in VI-2. 
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However, the chromium(III) products have extinction 
coefficients typical of monodentate carboxylato complexes. 
The ability to form a chelate with the adjacent carboxylate 
is tantamount to the ability to bring the remotely attached 
chromium(III) close to the cobalt(III). Thus, the obser- 
vations could be explained by a bridged-outer-sphere 
mechanism without chelation in the transition state. 

The bridged-outer-sphere mechanism need not be 
restricted to the reduction of cobalt(III) complexes. 
Indeed, the results of the present study suggest that such 
a mechanism may be operative in the reduction of some 


2+ 
organochromium(III) complexes. Both (H,0) -CrcH,CN and 


(H,0) .CrCH (CN) CH,CN** exhibit unusual reactivity toward 


chromium(II) when compared to other simple chromium (IIT) 


Reetenee Toro On 02 These complexes contain remote 


nitrile groups capable of binding chromium(III), thereby 


facilitating reduction by a bridged-outer-sphere mechanism. 
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Other complexes lacking suitable binding sites such as 
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(H50) -CrCH5Cl and (H50) -Crccl, are MOC readily 


reduced by chromium(II). 


Thervreactzon~ of Chromium{1I1l)° with (NH) <CONCCH,1°* 


revealed almost quantitative recovery of the novel complex 


+ 
(NH) ,CONCCH,Cr (OH,) , IV-2. The same species is formed 


in the reduction of (NH, ) -CONCCH,C1 oes although much 


lower yields are obtained because outer-sphere reduction 

of this complex is competitive with halogen abstraction. 

There can be little doubt as to the nature of IV-2 on the 
basis of its elution properties, electronic spectrum and 

emewract that it réeacts*with ‘mercury (II) to produce 


(NH CONCCH,Hg (OH,)**. Presumably, IV-2 is formed by 


3)5 
reaction of a second equivalent of chromium(II) with the 


. 3+ ; 
initially formed species (NH) ,CONCCH., ° , obtained by 


halogen abstraction with chromium(II). Intramolecular 


3+ 
electron transfer within (NH) ,CONCCH, ° may not be 


observed because formation of the unstable carbonium ion 
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NCCH,~ would not be favourable. 


In comparison to the cobalt (IIT) complex, the 
reaction of chromium(II) with uncomplexed NCCH,1 yielded 


ata F 
Only 25% (H,0) .CrCH,CN* , IV-l. Even lower yields of 


IV-l are obtained in the reduction of NCCH,C1 but this 
can be attributed to the fact that the rate of formation 
of Iv-1 is competitive with its decomposition, which is 


Catalyzed by chromium(II). In any event, the low yield 
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of the organochromium(III) product obtained from NCCH.1 
is thought to arise from competing pathways of reduction 
of the initially formed NCCH, ° radical<» siInsaddition*®to 
Simple outer-sphere reduction, which may or may not be 
operative, chromium(II) can attack either at the nitrile 
nitrogen to yield (H,0) .CrnccH,>*, which may then 
decompose to acetonitrile and er(oHs}ize, or the reductant 
May attack the methylene group to yield IV-l. Attack at 
the nitrile group seems the simplest explanation for the 
low yield of IV-1 since, when the nitrile is blocked 

by coordination to cobalt(III), essentially complete 
recovery of IV-2 is observed. 


3+ 


The reduction of (NH CoNCCH=CHCN by chromium (II) 


3)5 
clearly proceeds by a bridged-inner-sphere mechanism as 
shown by the detection of a product with properties of a 
chromium(III) nitrile complex, and by the rapid rate of 
the reduction reaction. The fumaronitrile complex is 
reduced about 102 times faster than the succinonitrile 
complex although they differ only in the presence of a 


-~CH.CH.- rather than a -CH=CH- group. This rate enhance- 


Viele 
ment demonstrates how a conjugated bonding system 
facilitates electron transfer by an inner-sphere mechanism. 

' 29uF ; 
Since fumaronitrile is readily reducible, it is 


probable that reduction of the complex occurs by a chemical 


mechanism. 
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The results of the kinetic studies on the reaction 
of chromium(II) with free fumaronitrile are in some doubt, 
Owing to an apparent wavelength dependence of the rate 
law. This is thought to arise from the formation of an 
absorbing intermediate which adversely affects the 
spectrophotometric rate law determination. Evidence for 
such a species in the free fumaronitrile system was 
detected in the 360 nm region. Nevertheless, quenching 
studies and kinetic studies at 750 nm yielded a simple 
third-order rate law (equation (5.17)) exhibiting a 
second-order dependence on the reductant concentration. 
This implies that a second chromium(II) attacks a 
chromium-fumaronitrile precursor complex, which may be 
either a radical anion of type terttt (Nccucuen) =} or 
a chromium(III) nitrile complex. 

The complicated kinetic results for the reaction of 


2a. V-l1, with chromium(II) also might 


(HO) ,CrNCCH=CHCN 
arise from the formation of an absorbing intermediate. 
Quenching studies were impossible owing to the rapidity 
of the reaction, and studies at 750 nm proved to be 
inconclusive. The rate law obtained at 520 nm has been 
rationalized on the basis of scheme (5.37). However, 

a satisfactory formulation of "X" in scheme (5.37) as 
not been found, and the observation of a wavelength 
dependence on kC0rt suggests that the proposed mechanism 


obsd 
is not operative. The formation of an absorbing 
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intermediate provides the Simplest explanation for the 
results. Nevertheless, it is clear that the reaction is 


predominantly second-order in chromium(II) and reduction 


i a Ol PT 
1e 


Srecither, {Cr (NCCHCHCN) =c Itt 


£ 


iaOGe CG (NCCH=CHCN) crt 


} 
occurs by a reaction with a second equivalent of 
chromium(III). 

The reactions of free fumaronitrile and V-1 with 
chromium(II) are similar in a number of respects. Both 
reactions proceed primarily by second-order chromium (ITI) 
dependent paths, and both yield a variety of new organo- 
chromium(III) complexes. The principal products initially 
formed in the reduction of free fumaronitrile and V-1 are 
also similar (V-4 and V-9, respectiveiy) in that each 
contain two additional equivalents of chromium(III) when 
compared to their unreduced analogues. The first 


(HO cr3t is bonded through carbon, while the other is 


22s 
Seordinated through,a.nitrile nitrogen... The other 
products isolated are of low yields and most appear to 
arise from decomposition of the principal products, 


either by aquation or hydrolysis of the nitrile coordinated 


to TEEN cha As noted earlier, agquation of the 


nitrile-bound chromium(III) is much slower than for 


3+ 
complexes such as (HO) ,CrNCCH=CHCN and 
(H,0) ,Crncc,H,CN?* but similar to that observed for 


50),.-CxNCCH,” |, thereby suggesting that the nature of 


the organic ligand plays an important role in determining 
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Ene Kinetic’ stability iof-the complex. In addition, both 
free fumaronitrile and V-1 yield highly-charged species 
whose nature is uncertain but for which a tentative 


assignment has been given (Schemes (5.27) and (5.28)). 
Suggestions for Future Work 


As noted earlier, a mechanistic aspect which appears 
in several sections of this thesis is the bridged-outer- 


sphere mechanism. Such a mechanism was demonstrated in 


2+ 
3) 5CONCCH,CO., and was 


inferred for the malononitrile complex, owing to its 


the chromium(II) reduction of (NH 


greater than expected rate of reduction. Indeed, an 
awareness of the bridged-outer-sphere mechanism has been 
important in rationalizing the reactivities toward 
chromium(III) of the organochromium(III) complexes 


Zs 


2+ 
H (CN) CH.CN 
(HO) ,CrCH CN and (H50) ,cre (CN) 9 


2 
Clearly, a more systematic study of the kinetic 
features of the bridged-outer-sphere mechanism would be 
valuable. Different activation parameters might be 
expected for this mechanism as compared to the non-bridged- 
outer-sphere case, but the only indication of EHLS co 
date are the cyanoacetate results reported here. In 
addition, it is probable that the ligand chain length 
Therefore, it would be 


is an important kinetic feature. 


worthwhile to study the reductions of systems such as 
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ai Wa - 
(NH3) .Co NC (CH) CO, Zs 
Information on the importance of the SCrUCTUTe Of (tne 


bridged-outer-sphere intermediate could also be gained 


from studies on 


+ 
Tit, 


(NH) ,Co =C : 


CH,X 


Peietation Of the position of the CH,X substituent and 
the nature of X could provide more information on the 
features which are important for the bridged-outer- 
sphere mechanism. 

The bridged-outer-sphere mechanism can only be 
studied for systems in which the group attached to 
cobalt(III) does not provide a site for adjacent attack. 
Nitrile, pyridine and amine ligands would seem to be the 
best candidates for this. These types of complexes can 
be prepared conveniently by reaction with [ (NH) ,;CoO,SCF.,]- 


(CF,SO as described in this thesis. 


3)2 
Similar studies on reductions of organochromium (IIT) 
complexes would be of value, but the preparation and 
characterization of appropriate models is much more 
difficult. Certainly, the chromium(II) reduction of 


(H,0) gCrCH,CO,H** should be studied in more detail than 


was attempted by Sevcik et Sites The bridged-outer-sphere 
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mechanism would predict an ee ee dependence of the rate 
and formation of Gi Okecra, cen ,** product. Benzyl 


complexes of the type 


relate Y, 
peoeer cH \ 


CH, X 


could also be studied in principle. However, it must be 
noted that benzylchromium(III) complexes undergo Cr-cC 
bond homolysis and are actually stabilized to decomposition 


Se Nevertheless, it 


Byetne addition of chromium(III). 
is possible that incorporation of suitable functional 
groups on the ligand may facilitate reduction of the 
Organochromium(III) moiety by a bridged-outer-sphere 
mechanism. 

It was proposed here that (NH) ,CoN=CCH, ->* does 
not undergo intramolecular electron transfer because 
PeOGUCTION Of N=C-CH,” is thermodynamically unfavourable. 
To test this proposal and to learn more about intra- 
molecular electron transfer, it would be interesting to 
generate an analogous, but more oxidizable coordinated 
radical. A possible system for study is the 
(NH CONCC -H ,CH ca - crt system. The radical generated 


3)5 64-2 
by halogen abstraction could react as follows: 
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Conjugation would help to stabilize the carbonium ion and 
might Overcome the destabilizing effect of the nitrile 
function. Even the latter factor could be removed by 
studying the analogous substituted pyridine system. On 
the other hand, the study of less easily oxidized radical 
systems provides a route to novel cobalt(III) -organo- 
chromium(III) bimetallic species analogous to complex IV-2. 
Pinally, reduction of other olefins besides fumaro- 
nitrile might be examined. Certainly, a number of olefins 


36,37,144-147 


have been investigated, but for many of 


these the kinetic and product studies are at best 
incomplete. A complete study on free and coordinated (to 
50)cr’*) olefins may provide additional information 
about the detailed mechanism of reduction of multiple 
bonds by chromium(II), as well as by other reductants. 
Such an investigation may also result in the formation 

of novel organochromium(III) complexes analogous to 


those observed for the fumaronitrile systems studied here. 
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That the carboxylate group is a poorer electron 
mediator than the nitrile function is perhaps suggested 
by the observation that reduction by chromium(III) of 
several carboxylato complexes of (NH3) Co? yield rate 
laws containing a first-order acid dependent 

term, 31732,139 It has been suggesteal37 1139 that this 
term might arise from protonation at the adjacent 
carboxylate which would improve conjugation between the 
lead-in oxygen and the extended conjugated bonding 
system, thereby facilitating electron transfer. 
However, this interpretation is not unique since 
protonation might facilitate reduction by simply 
lowering the energy of an unoccupied orbital on the 
ligand. 

Pil Sie 7aV.. dees, Bardi,, A.J. J. Electrochem. ‘Soc. 1972, 
119,.:829. 

It must be noted, however, that the precision of the 
kinetic results does not rule out the presence of a 
small first-order chromium(II) dependent path. Indeed, 
such a path may provide an alternative explanation for 
the small variation (ca. 7%) in the yield of V-2 and 
also in the yield of Cr(OH>)6>* with changing acid 


concentration. 
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Treatment of Data for Consecutive First-Order Reactions. 
ee ee Cue ive rirst-Ordere Reactions 


a) Consider the consecutive reaction scheme 
4) ue K 
A ——~>B—~ Cc — DD (A-1) 


governed by the first-order rate constants ky k, and k,- 
The differential rate equations are 
=a LA} 
= k, [A] (A-2) 
at 
da[B] 
= k, [A] - k,[B] Cae 
dt al 2 
d[Cc] nea 
—- = k,[B] - k,I[C] ao 
at 2 3 
da[D] 
= k,[C] (A-5) 
dt 
Integrating these equations and assuming [A] = [A] 5. 


[B] = [Cc] = [D] = 0 at t = 0, the following expressions 


for the concentrations of A, B, C and D at any time t are 


} 
obtained in terms of [A] |: 


[A] = [A], exp (-k,t) Eee 


[A] __k 
[B] = —2+ {exp(-k,t) - exp(-kzt)} (A-7) 


(LA) 


1 ots A. d SR in tebio~tesky set > 
} eam mmahiieny> atae inhineye 


(Sa) | 7: / (ala so) 


gt ~ Wk > 


i \ 
Ba 


i | (ib 
ae p14 = — 
. @ rte! ~e 
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9 !4), 30 ears ak be ker 
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exp (-k, t) exp (-k,t) 
eek 2 i 
Oe eed (ko =k.) (ke-ke) 
Za: ore Be waa) See 
exp (-k,t) 
(A-8) 
ki, k,exp (-k,t) k.k, exp (-k,t) 
eee i - a Ce eT 
k,k,exp (-k.t) 
cape”? 
se a (A-9) 
Ceracou ap ere! 
The absorbance A, . at wavelength i at any time t of a 
a 
reacting solution in a cell of unit length is given by 
the expression 
Ei te = eA] - €,, [8] os E,[C] + €4[D] (A-10) 


where [Uma aes and Eg represent the molar extinction 
coefficients of A,» B, C and ’D, respectively. “By 
substituting equations (A-6) through (A-9) into (A-10) and 


rearranging terms, on obtains the expression 


Alt = a,exp(-k,t) + a,exp(-k,t) + a,exp (-k,t) ¥ ay (A-11) 
where 
= ib Al Ss Thar aero kjk,€5 [Al 
aes € LA + ————— g iedilee eee 
tl 2a <b ve 
ge (k,-k,) (k3-k)) 


(A-12) 


{S~f) 


eA) 


(GL~A) 


Bits 


(1-8) 
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(ff). 
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‘ ene yvet_ mw nea’ 
s5 + (ea hems . ayer + (3 hae 
T= 4619 OF et 
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Zn % 


k ke (Als A 
-, a aa [A]_ + Bese 00s scat elo <> 
2 7 i is ahaa: (A=13) 
Kak 
1 
az = 2 ee he fA. = EqglAl, (A-14) 


Cc O 
TS Ea ees | 


03) 
| 


(i eglAl, (A-15) 


With A, t! t and Lan treated as knowns, non-linear 
, 


least squares analysis of the data to equation (A-11) 


yields best fit values for kyr Kor k3, Bee aee and Eg: 
b) Consider the consecutive reaction scheme 
us) Ky 
A —————» B ———> C (A-16) 


Employing the same procedure as shown above, the appropriate 
rate expression can be derived. Alternatively, the same 


rate equation can be obtained from equation (A-1ll) if it 


is assumed that k, =o pa 0. Therefore, one obtains 
= - -k.t) +a (A-17) 
Ay + a, exp ( k,t) + a,exP ( kot) 3 
where 
1 
ss A ~ ky a [Al (A-18) 
abe ea as 1k K ep lAl, 
(k, ie) 
k ( 
aa = bai ) ep (Al cello (A-19) 
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a, = ented, & : (A-20) 


With A) e! teand [A], treated as knowns, non-linear 
J 
least-squares fitting of the data to equation (A-17) yield 


values for ki ko, apes and EG: 
Treatment of Data for Concurrent First-Order Reactions 


Consider the situation in which a mixture of species 
A and B undergo parallel first-order reactions according to 


the scheme 


Ky 

aaatec (A-21) 
ky 

B24) (A-22) 


The differential rate equations are 


d[A] d[C] 
Es = = k, [Al (A-23) 
felis dt 
a[B d[D] 
= ie = ~ k, [B] (A-24) 
dt dt 
Integrating these equations and assuming [A] = [Alyy 


[B] = [B]. and [C] = [D] = 0 at t = 0, the following 
fe) 


expressions are obtained: 


(A-25) 


[A] [A] (exp (-k,t) 


(A-26) 


[B] [B] ,exp (-k,t) 
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[c] = [Al], (1-exp (-k,t))  (A-27) 
[D] = [B], (1-exp (-k,t) ) (A-28) 
The absorbance A, 3 at wavelength A at any time t of a 
’ 


Beacting solution in a cell of unit length’ is given by 


the expression 


Ay t = €, [Al + €, [Bl aa Ee, [C] + €,[D] (A-29) 


where the various terms are defined as for equation (A-10). 
By substituting equations (A-25) through (A-28) into (A-29) 


and rearranging terms, one obtains the expression 


= - - + 
Ay it al, + Eg lB], + [A] ((€, E ,) exp ( kj t) 
= = A-30 
[B] (€,-€ 4) exp (-k5t) ( ) 
Treating A) t and t as knowns, non-linear least-squares 
a 


analysis of the data to equation (A-30) yields best fit 


values for kyr koe €,fAl, + EqlBlyy [Alte eee and 


[B] , (€,-€) - 
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Spectrophotometric Determination of Acid Dissociation Constants 
———————_——————— errr OF ACTA bissociation Constants 


For reactions of the type 
ok 
Be Ri ae (Bed) 


the equilibrium constant Ka is defined by 


bien 


(B-2) 
[RH] 


a 
From a consideration of the stoichiometry, it is obvious 


that 


Cr = [RH rote} (B-3) 


where Co is the total complex concentration. Substituting 


POL [RH] from (B-3) into (B-2) and rearranging gives 


KaAc 
Peo eee (B-4) 


Se a2 [H”] 


According to Beer's law, the absorbance of a solution is 


given by 
+ 
= = + Le_[R (B-5) 
A LE bsacr Le, [RH ] RI ] 
where e bed is the molar extinction coefficient of the 
obs 
given solution as defined by (B-5), €p, and €, are the 


molar extinction coefficients of the protonated and 


88s 


( fH 
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' adt ats ot nae 


unprotonated forms of R, respectively, and 2% is the optical 
path length in cm. Substituting (B-3) into (B-5) one 


obtains 


LE pog@r = LE pC + & (€,-€,,,) [RI] (B-6) 


and substituting (B-4) into (B-6) yields 


K 
€ € + (Ee =—¢€. -) a (B-7) 
obsd RH R RH K +[Ht] 
a 
From (B-1) it is clear that 
+ + 
[H'] = [H ], + [RI (B-8) 


where ff) is the total acid concentration of the solution 
which is comprised of both the acid initially added to 


the solution, bt and any acid arising from deprotona- 


Oo” 
tion of RH’. Substituting (B-4) into (B-8) one obtains 


Ki 
+ + a. T 
[H#’] = {#], + —“—— (B-9) 
Dei oe a 
Rearranging (B-9) yields 
Paijee (Ket) ) 1H’) =. (1H lot (Cc) Kage Wee) 


+ 
After solving the quadratic equation (B-10) for [H ] as 


a 
; one obtains 
a function of K_, [H ly and Chr (B-11) 
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Substituting (B-11l) into (B-7) yields 


q 2(ep - Epy) Ke 
nea RH + 2 + % + 
2K, + ig Glo -cnea ps ly) + 4([H lo + C,)K,} sr Ber a 1) ] 


(B-f2Z) 


; f A , : 
Knowing ¢€ [H lo and Co non-linear least-squares fitting 


obsd’ 


of the data to equation (B-12) yields the values of Kae Een 


and Ep: 
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7m ah Oe 


Table C=1 


Equilibrium Data for the Spectrophotometric Determination of 


the Dissociation Constant of (NH) .CONCCH,CO,H>* a,b 
a eR el ehceeianctate” batty eee 


+ 
Temp., [H Pee, z 


14.6 0.495 4123 40.5 
0.350 42.1 42.3 
0.199 45.9 46.8 
0.0996 55.1 55.3 
0.0807 58.2 58.6 
0.0601 64.1 63.6 
0.0498 67.9 67.0 
0.0395 has 71.4 
0.0292 76.3 77.2 
0.0200 85.4 84.2 
0.0100 96.0 95.0 
0.0075 98.8 98.4 
0.0050 101.2 102.3 
0.0025 105.6 106.7 
0.0 11232 44.7083 

25.01 0.495 43.0 4504 
0.301 47.2 46.9 
0.199 51.5 51.1 
0.0996 61.4 61.2 
0.0807 65.1 65.0 
0.0601 70.4 70.9 
0.0498 75.0 74.9 
0.0395 81.1 80.0 
0.0292 85.8 86.7 
0.0200 94.0 94.6 
0.0100 106.8 106.8 
0.0075 110.6 110.7 
0.0050 114.9 115.0 
0.0025 119.7 119.8 
0.0 126.2 12570 

h 

25.09 3.680 38.9 38.6 
0.485 42.9 44.1 
0.202 51.0 51.7 


0.103 uk oa 


O98 


ae 


> 
1 eatinel 


ipod Fer ee aC Ske ae 
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Lec baer 
"tt . ee 
, Od «td 
ee t.i6 
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g.ée r.88 
34 Be c+ Be 
1, ta bebe 
D C«¥9 
Pee hy crt 
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Abs &.2€ 
Oo, a0 Sf Qed? 
bo $,.6e 
ny ¢.f0F 
T,a0? 6. 307 
ae Cohee 
Bb TEB fe fh 
2.86 ¢,va 
Pete @.%é 
S, fo ata 
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@.4% b>. at 
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0,08 rats 
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v.arT a.att 
Ove ht ei nrr 
8.ery Teety 
Even §. oer 
es fe ge 
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Tate Offs 
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0.0801 67.4 65.9 
0.0601 71.1 71.5 
0.0500 75.5 75.3 
0.0399 80.0 80.0 
0.0301 85.4 85.8 
0.0200 92.8 93.8 
0.0101 104.1 104.5 
0.0075 107.6 108.0 
0.0049 111.9 111.9 
0.0026 116.0 115.7 
0.0 121.2 120.5 
35.0% 0.495 59.2 59.0 
0.350 61.7 61.5 
0.199 66.7 67.1 
0.0996 IAS 77.9 
0.0807 81.4 82.0 
0.0601 88.1 88.3 
0.0395 98.5 98.0 
0.0292 107.1 105.1 
0.0200 112.9 113.8 
0.0100 126.5 127.0 
0.0750 130.0 131.2 
0.0500 137.2 135.9 
0.0250 141.6 141.2 
0.0 146.8 147.2 


“Ionic strength 0.50 M (LiC10,-HC10,). 

Ppetermined at 260 nm. 

Sconcentration of acid added to the solution. 

dgased on total complex concentration in a 5 cm cell. 


“calculated by non-linear least-squares fitting of the data to equation 


(B-12) of Appendix B. 


: -4 
frotal complex concentration was 7.67 x 10 M. 


; =-3 
STotal complex concentration was 2.39 x 10 M. 


Avalue at py = 3.68 M (HC10,). 
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Table C=-2 


Kinetic Data for the Chromium(II) Reduction of Pentaamminecobalt (III) 
——— ction or Pent aamminecobalt (III) — 


Complexes of Acetonitrile, Succinonitrile, Cyanoacetamide and 


Methylcyanoacetate.@rP 
a Ae le eee ee 1) ee 
Ligand Temperature, 10°x [Co(III)] ,102x [cr(1I)], [a |; 


°C M M M Mie 


NCCH, 25.0 6.02 7.36 0.100 0.908 
2.34 5.45 0.216 0.949 
Bad 5.45 0.101 0.938 

23d 5.45 0.040 0.971 
2.36 a 62 0.100 0.947 

35.0 5.96 y Wa 0.100 1.71 
239 5.38 0.216 ieee 

O32 5.38 0.040 1299 

2, 32 3.80 0.101 1272 

45.0 5.83 PEP? 0.101 2.94 
2.40 5.38 0617 3.40 

2.40 5.38 0.040 3.02 

2.40 3.16 0.102 3.10 

NCCH,CHCN 25.0 DF 23 6.37 0.100 TAT 
TaA2 6237 0.100 2.48 

De23 4.78 0.100 2.50 

Pee 3.18 0.329 2661 

ie: 3.18 0.100 2.60 

D2 3.18 0.041 2.56 

35.1 22 KY) 0.100 4.19 
Por 3-18 0.329 4.38 

2.9% 3.18 0.100 4.29 

Pon 3.18 0.100 4.45 

pe 3.18 0.041 4.45 

45.9 cl ile 3.18 0.329 7.75 
Pra 3.18 0.100 7.46 

det 3.18 0.100 7.78 

resi 3.18 0.041 ews 

Ae 1.59 0.100 7.89 

: 6.02 0.101 2.52 

a as ae Ma es 4.09 0.101 2.67 
3.15 4.06 0.101 2.61 

3.08 3.99 0.284 2.59 
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35.0 


45.3 


CCH5CO5CH3 25.0 


35.0 


45.4 


Le2d 
ree | 
2030 
2.39 
PIR $2) 
3.14 
bas) 
L535 
1635 


3.09 
1.20 
Seg 
3509 
3.09 
See 
2eah 
2027 
2eet 
3.16 
1335 
1.35 
1.35 


2.02 
U2o2 
5.38 
5.38 
3.16 
4.03 
3.05 
2.03 
2.03 


6.02 
4.10 
3.99 
Sieve 
3599 
7.32 
5.38 
5.38 
3.16 
4.03 
3.05 
2.03 
2.03 


0.101 
0.101 
0.217 
0.040 
0.102 
0.103 
0.102 
0.390 
0.040 


0.100 
0.101 
0.285 
0.100 
0.040 
0.101 
0.217 
0.040 
0.102 
0.103 
0.102 
0.390 
0.040 


2-70 
4.12 
4.13 
4.36 
4.39 
a pegalys 
7.45 
Pesce) 
TP) 


2.28 
2-40 
PSS) 
Za2l 
2.36 
3.493 
4.02 
4.18 
4.14 
6.88 
6.82 
6.97 
LPR) 
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“For all runs, ionic strength 0.50 M (LiCl0,-HC10,)- 
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Determined at 467 nm. 
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Table C=3 


Kinetic Data for the Reduction of (NH3 ) ;CONCCH,CO,H>* 
——— eee 


by Chromium(II).@ 
eb 


Temp-, 10°x{[Co(III)], 103x{cr(1I)], [H‘I, 


eC M M M M s M s 


14.9 0.82 P01 0.445 0.0682 0.0698 
1.42 2.0% 0.375 0.0799 0.0796 
1.42 3.02 0.301 0.0972 0.0945 
1.42 2.02 0.301 0.0953 0.0945 
2.53 3.04 0.241 Owliy 0.112 
1.42 3.04 0.240 0.116 0.113 
1.42 2502 0.240 0.114 0.113 
1242 2.02 0.201 0.128 0.130 
1.42 3.04 0.201 Orass 0.130 
1.42 2.02 0.141 0.170 Osi7t 
1.42 202 0.100 0.215 Nees! 
0.80 2.02 0.075 0.255 Oem 
0.80 2.02 0.050 0.348 0.352 
0.80 1.01 0.040 0.384 0.400 
0.48 1.01 0.030 0.473 0.465 

25.0 0.84 1,02 0.445 0.147 0.143 
1.43 2.02 0.375 0.167 0.164 
1.43 2.02 0.300 0.200 0.196 
1.69 3.01 0.299 0.199 0.195 
1.43 2.02 0.240 0.236 0.234 
2.00 2.13 0.200 0.277 0.271 
0.84 101 0.201 0.279 0.270 
1.69 2.03 0.140 0.357 0.358 
0.81 1.78 0.142 0.366 0.356 
2.03 4.25 0.102 0.465 0.460 
1.69 2.03 0.101 0.456 0.461 
1.02 142 0.100 0.465 0.462 
2.00 oh 0.074 0.572 0.574 
0.85 1.01 0.075 0.553 0.570 
2.00 2.13 0.050 0.741 0.745 
0.84 r01 0.050 0.739 0.745 
0.80 2,20 0.040 0.882 0.850 
0.42 1.01 0.040 0.881 0.850 
0.81 1.76 0.030 1.03 0.992 
0.42 Rete 0.030 1.03 0.992 

35.1 0.85 Re 0.445 0.289 0.277 


0.85 1.01 0.374 0.331 0.319 


abs 


“ ' . - shia mi ' pon orice: 
* seit ” Meta a, ‘or etre xayx®or ‘ (inenlaiaor 
- 


eg Ty 5 ry 14 * “aA 
; j ~— 
ee enum inline 6 a . 

ayer, C Coto Ped oA) tor . 
eta peOry,2 v.70, - was Sh.£ 
apeo 2d éten.6 i808 > 5 So.e. 

pen, 0 peen.c £02.90 so. 

Cf00 Cif.t yet .0 *po.e 

tsi.0 ati «O Ht. 0 ‘0.€. 

e450 bio R0 Fs - . 

wre t aes .0 roc. 07S" Sb 
een C£1.9 f0S40,, > b0.¢ Sef. 
ivL,9 TLD fel.o «. SOs. 
feo. 22509) 005.6 £0.¢ ; 

"S40 S25 50 aT9.0 $0.5 08 
gFe, 0 mae 0 (29.0 so. a8 
O06.) bef ..0 630,90 " lo.t 
‘ah. Th. 560.0 IOeLt 
£ bf Pat ves «i cha, 0 f0.f 
bar.0 Vid 0 eve.0 RU. 
eei.0 Hon .8 ioe .0 $0.5 
20.0) eet.0 eek .0 ro. ™“< 
met. 0 atk 0 One. 0 £0.6.. ° 
ENS. 0 T£..0 008 .0 €r.& 

O%4.-9 eve. 6 765.0 td.f 
Pr2.0 Vee.” el oO cg.§ 
OVE .9 25€ .0 SeL.«G Sf 
ph. € For (ad scr .g 22.8 

tL aea 5 ;62,.0 €0.6 
0h «0 np .9 \ oof.0 ce.f $9. 
bT2.0 st4.0 oTe.8 €L.% 
oT2.9 c2e.6 275.0 10.1 
apr .d Ipt ~0 o2g.0 ef.& 
eet 0 PET. 0€0.0 £0.£ 
688.0 $88.8 20.0 Of. 0a. 
045.0 136.0 020.0 LOS 
gee. 0 el 0€0.0 at. 
cee.g COS 30.0 £0. 

Ts.¢ €g¢.0 4ba.6 0-4 
eré.0 ree.o ett .o £06k 


0.85 
0.85 
0.85 
0.85 
0.85 
0.82 
0.42 
0.42 
0.42 
0.42 
0.42 


1.01 
1.01 
P02 
1.01 
2601 
POL 
0.50 
1.00 
0.50 
0.50 
0.50 


0.301 
0.240 
0.200 
0.142 
0.100 
0.074 
0.074 
0.050 


0.050 


0.040 
0.030 


0.394 
0.460 
0.515 
0.675 
0.859 
1.07 
1.06 
1.47 
1.42 
1.74 
2.03 


For all runs, ionic strength 0.50 M (LiC10,-HC10,)-. 


Dp etermined at 467 nm. 


“values for Lone 


0.380 
0.458 
OvoslL 
0.699 
0.916 
1.14 
1.14 
1.48 
1.48 
L618 
pS) 


were obtained by simultaneously fitting all the data 


of three temperatures to the transition-state equation using the 


activation parameters obtained from the methylcyanoacetate reduction 


for the k, pathway. 
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Table C=-4 


Kinetic Data for Reduction of (NH ) .CoNCCH, cn3* by 
rere Do 


by Chromium(II) at 25.0°2 


ernment ces eee RI AY ee eee 
103x[Co(III)], 102x[Cr(II)], (Ht) 102xk3, 107xks,> 


1.62 2.01 0.393 6.68 yb I 
1.48 2.01 0.200 7.05 H bgp 
2.06 eae 0.198 6.80 0.94 
1.64 2-01 0.100 7.86 1.20 
eO2 eA o iL 0.070 8.26 0.86 
1.63 Pa% ON 0.050 S.a5 ae 
1.63 2.99 0.039 9.65 0.86 
1.60 2a0l 0.039 9.74 0.90 
2.05 Soo 0.039 10.1 0.88 


For all runs, ionic strength 0.50 M (LiC10,-HC10,) and A = 467 nm. 


Dvalues of kj and k5 were obtained from least-squares fitting of 
kK? Ke 
j 1 dad B 2 D as 
absorbance data to the reaction scheme A ——®»C an os 


described in Appendix A. 
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Table c=5 


Kinetic Data for the Reaction of NCCH5I with Chromium(II)@ 
SUT ere ne eT SaaS SSS SPtanruar SoSun=uraununnnnupensnssmomeassesoteneeunneree eee 


a aa SS aa Sisal sts Paso uSS tts ta iets S=sranrans=uVna-eunPSanGssisnvenuseus-aprnrassavvansraunsnmneonereomeeenonerer 
Temp., 103x [NCCH5I], 102x [Cr(II)], fH], k, 


1553 Zed ae 0.249 6.83 
parse) S613 0.051 6.97 
1.2 Zio 0.249 6.53 
ew Pree i | 0.051 6.69 

25.0 2.5 a ore 0.249 Desk 
Zs) els 0.050 ried fs) 
1.2 2.57 0.249 9201 
te ee 0.100 8.92 
0.92 1.28 0.100 8.97 

3550 255 Sicko 0.249 13.4 
229 erp 0.051 14.0 
RSG. ZeDt 0.249 1255 
1.2 Zoot 0.051 13.2 


“For all runs, ionic strength 0.50 M (Lic10,-HC10,). 


bo etermined at 528 nm. 
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Table C=6 


Kinetic Data for Reaction of NCCH5C1 with Chromium(II) at 25°C? 
ean RR a RY NTS Mabe ie coh ont RNG are acer al 


a a ee 
103x[NCCH,C1], 102x[Cr(II)], [H+], Wiebe rbd 


M M M Messer 


2.8 7.00 0.160 1.05 
2.8 7-01 0.080 1.04 
2.8 He OL 0.025 1.09 
Atay 3.50 0.329 1.02 
A eS) Cryo 0.080 i a 


“For all runs, ionic strength 0.50 M (LiC10,-HC10,). 
Ppetermined at 609 nm. 


“values of ky were obtained from non-linear least-squares fitting of 


k k 
absorbance data to the reaction scheme eee where ko was 


‘ + 
held constant at the value for cr2t catalyzed aquation of (H0) gCrC1? ° 
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Table C-7 


Kinetic Data for Reaction of (H50) .CrcH,cn?* with Chromium(II) 
—_———— eee 


at 25°C, 


a EE 


3 2 + 2 b 2 
POS tCrCLTT)), 10“x{Cr(Ir)}, (oy, 10“xk pear 10°xK Gace 


M M M m7! 571 m7! s 


0.56 Zouk OPES pe) 1.86 1.87 
1.12 4.34 0.286 1.88 1.93 
1212 1.08 0.286 1.95 ves 
0.56 Pn 0.149 2-14 Asi 
0.56 Dodi 0.100 2.33 PAs} 
lsi2 2.17 0.070 Zee os il 
1.12 4.34 0.050 2.80 2.85 
tsi2 Zak, 0.050 2.88 2.85 


®For all runs, ionic strength 0.50 M (LiC10,-HC10,)-. 


Dp etermined at 409 nm. 


+ 
“calculated from the equation Kops ed koK,/[H ], where k, = 1.73 x 


an ee sink 4 
1072 m7! 57! and kjk, = 5-62 x 10 see Be 
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Table C=-8 


Kinetic Data for Reaction of (H50) eCrCH,cn?* with Mercury(II) at 25.0°.% 
eerie terete rete nseeeeeree eeepc pene reactors eo omememseoeyetonmeensonione samen ee 


RR aS SSS SNCS 


104x [cr(III)], 102x [Hg(II)], (Ht), k,P 
M M M m7? 371 
6.0 0.0600 0.504 8.46 
6.0 0.0200 0.501 8.01 
6.0 0.0600 0.040 8.25 
3.0 0.0200 0.040 9.03 


@For all runs, ionic strength 1.00 M (LiC10,-HC10,)- 


Determined at 409 nm. 
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Table C=-9 


Kinetic Data for Reaction of (NH3) ,CoNCCH,13* with Chromium(II).? 
TET a gr ee a 


I a i a EI 
Temp., 103x{Co(III)], 102x{cer(1I)], fay; k, Pre 


ers 1.18 Ls pes | 0.244 35.9 
en 5.13 0.051 36.8 
1.16 2007 0.244 36.4 
Pel Zeon 0.051 3449 
25.0 1.6 3.00 0.348 43.8(43.7) 
LelS 3.00 0.100 46.2( 46.2) 
1.17 3.00 0.049 46.4 
reels 5.03 0.100 46.3(46.0) 
0.56 1.02 0.247 43.9 
35.4 1.16 Sits 0.244 59.9 
Sie Be, Seis 0.051 6152 
coy Zoo) 0.244 60.1 
Lead Lal 0.100 60.9 


“For all runs, ionic strength 0.50 M (LiC10,-HC10,). 
Dp etermined at 477 nm unless otherwise noted. 


“values in parentheses were determined at 650 nm. 
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Table C=-10 
Kinetic Data for Reaction of (NH) ;CoNCCH,c13* with Chromium(II) 
sear mene eS > IRS” ert rier 


at 25°c,2 


ee es eee 
103x[Co(III)], 102x [Cr(II)], (H*}, 102xk4, 


ies 4.33 0.100 ee 
123 2.16 0.387 g.gP 
121 4.33 0.100 9.9° 
1. 20 4.33 0.050 9.5° 
1.19 2.16 0.387 9.7° 
tAE IA 6.53 0.102 76° 
ies 4.33 0.387 Jacke 


“For all runs, ionic strength 0.50 M (Lic10,-HC10,)- 


Breaction was monitored at 609 nm. Values of k, were obtained from 
k, Ko 
least-squares fitting of absorbance data to the scheme A——» B——“»C. 


CReaction was monitored at 417 nm. Values of Ky were obtained from 
k, ko 
least-squares fitting of absorbance data to the scheme A ——» B ——— > 
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Table C=-11l 


Kinetic Data for the Chromium(II) Reduction of (NH, ) sCONCCH Cr (OH) 5°* 


at 25.0°c.2 


LL SS esses 


10°x[Co(III)], 102x [cr (II)],. [az.. 103xk, P 
M M M My gar 

0.95 6.49 0.170 2.42 

1.90 6.49 0.049 2.44 

1.90 6.49 0.156 2.26 

1.90 3.25 0.312 2.39" 

1.90 3.25 0.049 eG) 


@For all runs, ionic strength 0.50 M (Lic10,-HC10,)- 


Determined at 477 nm unless otherwise noted. 


“Determined at 417 nm. 
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Table C-12 
Kinetic Data for Reaction of (NH3 ) sCONCCH Cr (OH) 5>* with Mercury(II) 
eee ere ee lee i 3) SEN er 2k Neo bes ae ed 


at 25°C 


(ee a a a nie ANI 
103x[Co(III)], 102x{Hg(1I)], [HH], 107xk 


0.37 1.63 0.946 3.42 3.55 
Pett Sead 0.738 3.53 3207 
0.37 Say 0.287 3.87 3.69 
2.11 8.17 0.171 Sas. 3.83 
Os37 ss 0.170 4.03 3.83 
0e37 Be2/ 0.080 4.34 4.21 
0.37 Sazy 0.053 4.57 4.58 
0.37 1.63 0.052 4.60 4.60 


“For all runs, ionic strength 1.00 M (LiC10,-HC10,). 


Dp etermined at 417 nm. 


+ > os 
“calculated from the equation ie end eV k5K,/ [H ], with k, = 3.49 x 


SiN ae 
1072 m7! s~' and kjk, = 5.8 x 10 4 sci 
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Table C=-13 


Kinetic Data for the Chromium(II) Reduction of (NH3)CoNCCH=CHcN3* 
SS a A ee 


at 250a/b 


a a a ee 
104x[Co(III)], 104x[cr(II)], [HT], 107 °xk, © 


0.30 cyl 0.100 Pe 
0.15 2.3 0.100 139° 
0.15 1.5 0.250 eee 
0.15 1.5 0.100 2.0% 
0.15 1.5 0.050 2.0 
0.73 4 0.250 Pah 
1.46 : 0.025 2.2 
0373 1 0.250 ey, 
0.73 7 0.100 1.6 
0.73 7 0.025 1.6 
0.62 25 0.100 170 
wack Wie 0.100 1.9 
0-73 Tec 0.100 6 
0.37 1.0 0.026 1G 


@For all runs, ionic strength 0.50 M (LiC1l0,-HC10,). 
Pwavelength 260 nm. 
“unless otherwise noted, data obtained under second-order conditions 


using equation (2.1). 


dp seudo-first-order conditions. 
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Table Cc=-14 


Kinetic Data for Aquation of (H0) «CrNCCH=CHCN>* at 25ecarb 


_ ccna Se ett e ee 
103x[Co(IIzI)],° 103x{er(1z)], (ae )'4 10?xk 


3673 3.58 0.442 27 1.28 
Saiz 3.58 Oe2oL 1.36 Laiso 
0.91 0.87 0.240 1.34 1.36 
Sez 3058 0.101 1.66 1.60 
Cee es 32.05 0.051 Led 2-00 
3.74 Peon 0.049 2.00 2.03 
= gy 3.58 0.034 2.44 2-41 
3.73 3.58 0.026 2.84 2.78 
3.74 1.87 0.025 2.78 2.84 


@For all runs, ionic strength 0.50 M (LiC10,-HC10,). 


bwavelength 395 nm. 


©(H,0)gCrNCCH=CHCN3* is formed by reduction of the cobalt(III) 


fumaronitrile complex. 


-2 4.14x107" 


[H"] 


dcalculated from equation kay. = 15.19% 210 
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Table C=-15 
Kinetic Data for Reaction of Chromium(II) with (HO) 5CrCH(CN)CH,CN?* 
SN SS ES EA eS Ede RON SEM EY PAT es Po nD 
at 25ecarb 


DSRS SSRI ROE a 


10°x[Cr(III)], 102x[cr(II)], ae 10°xk, 


0.86 1.51 0.050 eee 
1.9 2.48 0.376 1.18 
19 2.48 0.100 ip, 
0.86 2.49 0.020 12s 
1.9 5.04 0.100 1.16 
1.9 ihesgsy 0.100 15 


@Fror all runs, ionic strength 0.50 M (Lic10,-HC10,). 


Pwavelength 411 nm. 
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Table C=-16 


Kinetic Data for Aquation of (H50) ¢CrCH (CN )CH»CNCr (OH eos at 25°carb 


cn 


103x[v=4], ify 104xk, 
M M ae 
1.65 0.330 3.65 
1.42 0.316 3.54° 
: ep 0.116 3.56 
1.65 0.025 3.70 
1.42 0.025 3.55" 


“For all runs, ionic strength 0.50 M (LiC1l0,-HC10,). 
Dwavelength 510 nm. 


“solutions were deoxygenated by purging with argon for 10 minutes. 
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Table C=17 


Kinetic Data for Reaction of Chromium(II) with 


(H20) gCrCH(CN)CHCNCr (OH). >*at 25°c,arb,c 


I A OLEACEAE COS CCE ECPNTO SPP A SOON OC CONE One cpenceraenennegennennenne 


104x[v-4], 102x[Cr(II)], Lee 10 7xKkwig 10 hus! 


6.4 6.06 0.142 4.80 + 0.09 4.73,230.06 
6.4 3.03 0.142 4.31 2/0711 4.05,.220.09 
6.4 A oa 0.142 A<75 2c 0851 3.899250.23 
6.4 1.51 0.364 4.52 0231 3s, 10.12 


“For all runs, ionic strength 0.50 M (LiC10,-HC10,)- 


Dwavelength 408 nm. 


k k 
“pata fitted to reaction scheme Aten eC. 
-2 7-1 _-1 
Gvalues of ky obtained with ko held constant at 1.19 x 10 M Soe: e 
2 m7! de. 


evalues of ky obtained with ko held constant at 1.25 x 102 


ferrors quoted are 95% confidence limits. 
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Table C=-18 


Kinetic Data For Reduction of NCCH=CHCN by Chromium(II) 


at 25°C and 520 nm.2 


a ee oe ee 


103x 107x 
[NCCH=CHCN], [cr(II)], Ht] 10 2xki 103xk1,¢ 
M M M s7! os 
Sepermmmmenmemennre remem a ee 

1.85 3723 0.338 rb 2.20 
1.85 3.43 0.338 2.45 In 47 
1.85 3.29 0.335 2.19 ree al 
1.85 3623 0.200 2.22 a3 
1.85 3.43 0.200 2.60 2.62 
18S 3.29 0.200 2.33 2 Al 
2.50 4.87 0.201 5.76 5.74 
1.85 3.23 0.100 2.58 2.85 
0.93 3.23 0.100 2.64 2.86 
0.93 1.62 0.100 0.722 0.937 
0.92 RGA 0.100 0.710 0.939 
2.50 6.56 0.100 10.9 10.5 
2.50 4.95 0.100 6.32 6.71 
0.92 asi 0.100 1.41 1.60 
2.50 4.87 0.100 6076 6.83 
1.85 3.23 0.075 2.75 3.14 
1.85 3.28 0.050 2x74, Bale 
2.50 Gna 0.050 11.0 11.8 
1.85 3.29 0.050 2.74 3.21 
2.50 6.58 0.050 11.8 194 
2.50 4.95 0.050 6.47 7.01 
0.92 eal 0.050 1.42 1.82 
0.92 3.43 0.025 3.25 3.80 
0.92 3229 0.025 2.86 3.47 
0.92 cer 0.025 2.88 3.46 


“ror all runs, ionic strength 0.50 M (LiC10,-HC104,)- 


Pyalues of ky were obtained by non-linear least-squares fitting of 
k, k3 

absorbance data to the scheme A———»B ——»C. 

“Values of k4 were obtained by non-linear least-squares Fitting of 


a uP: pai tee D where k4 was held 
absorbance data to the scheme A——»B——>}C whe 2 


Ponatantiat the value 2.6 x 107° s.') which is the rate ‘constant for 


aquation of complex V-4. 
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Table C=-19 


Kinetic Data for Reduction of NCCH=CHCN by 


Chromium(II) at 25°C and 750 nm.@ 


10°x 107x 
[NCCH=CHCN] , fer(II)1, [H'], ky 
M M M Man se 

1.55 2.00 0.400 292 
2.03 2.99 0.354 3.05 
2.03 2.99 0.025 2.83 
4.00 5.99 0.209 2.59 
4.00 5.99 0.025 2.51 


@For all runs, ionic strength 0.50 M (LiC10,-HC10,)- 
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Table C=-20 
Kinetic Data for Absorbance Decrease in Reaction of 
eee meccrease in Reaction of 


NCCH=CHCN With Chromium(II) at 25°C and 520 nm.@ 
eee en nromium( IT) at 25°C and 520 nm 


103x 102x 
[NCCH=CHCN], [Cr(II)], bed to*xkeee toc ina 
M mP M Mo boos m7? 571 


1.85 svas 0.338 7-43 0.94 
1.85 3.43 0.338 Lo55 0.89 
Leoo a Pea) 0.335 7.20 0.89 
1.85 Sees 0.200 7.62 0.90 
1.85 3.43 0.200 7.96 1.04 
1.85 3.29 0.200 7.54 0.86 
2-50 4.87 0.201 7.08 Uae 
1.85 3.23 0.100 7.24 Pees 
0.93 3.25 0.100 7.74 1.24 
0.93 1.62 0.100 8.70 Le22 
0.92 1.64 0.100 yaks P22 
2.50 6.56 0.100 Sesh) 1.26 
2.50 4.95 0.100 5.86 Vea 
0.92 Ze) 0.100 8.44 1.14 
2-50 4.87 0.100 Geog 0.90 
1.85 3523 0.075 Tan? 1.22 
1.85 ae 0.050 6.93 1.22 
2.00 6.47 0.050 oe At 0.95 
1.85 Saiao 0.050 6.87 1.16 
2-50 6.58 0.050 5.23 1.28 
2.50 4.95 0.050 5.80 1.18 
0.92 Ze3d 0.050 8.48 1.26 
0.92 3.43 0.025 7.14 1.43 
0.92 3629 0.025 7.02 1.39 
0.92 Bans 0.025 7.18 1.43 
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Footnotes for Table C=-20 


“For all runs, ionic strength 0.50 M (LiC10,-HC10,). 

evalues reported are the initial concentrations of reductant. The 
second-order rate constants (k3 and k3) were calculated after 
correcting for the chromium(II) consumed in the initial phase of the 
reaction. 

“values of k3 were obtained by passin notion ay Cae eo fPetang or 
absorbance data to the scheme poe Se: 

Gvalues of k3 were obtained by non-linear least-squares fittingpot 


k k k 
absorbance data to the scheme Roe 2G nel where k5 was held 


constant at the value 3.6 x 1074 s7! which is the rate constant for 


aquation of V-4. 
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Table C=-21 


Kinetic Data for Hydrolysis of Complex V-9 at 25°c.2 


104x 102x 
[Co(II1r)],° [Cr(II)], Ht], k,¢ 
M M M s7! 


20.5 3.00 0.350 0.107% 
3.91 3.01 0.349 0.0976 
4.02 3.01 0.100 0.114 
4.02 3.01 0.051 0.110 
3.91 3.01 0.025 0.104 
20.1 3.00 0.025 0.1102 
4.04 2.96 0.025 0.0980 
3.95 1.94 0.400 heme 
3.95 1.94 0.025 0.0950 
3.98 1G47 0.025 0.0901 
3.98 1.47 0.010 0.110 


*For all runs, ionic strength 0.50 M (LiC10,-HC10, )-. 
DVvalues reported represent the initial concentration of 
(NH) -CONCCH=CHCN?*, Reaction with chromium(II) generates complex V-1 
which is subsequently reduced to complex V-9. 
“Determined at 355 nm unless otherwise noted. 
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Table C-22 


Kinetic Data for Reduction of (H50) .CrNCCH=cHcn3* 


by Chromium(II) at 25°c.@ 
nee eee 


104 102x 
b 2+ SF 
Colitt Cc corr £ 
[Co( Vy [ere , (HJ, Kopsae Kopsa! sears 
M M M s71 oo By 


226 0.48 0.400 0.0540(0.0530)9 0.0411 0.0424 
2.0 0.48 0.200 0.0587(0.0570)4 0.0447 0.0478 
560 0.48 0.100 0.0688 0.0527 0.0530 
D0 0.48 0.048 0.0823 0.0618 0.0620 
36 0.48 0.033 0.0971(0.0980)9 0.0725 0.0703 
ao 0.95 0.398 Oni 0.159 NS 
Aca). 0.95 D9. 199.8 10'-486(0.172)9. 0.172 0.170 
Dic0 0.95 0.098 Ov2T: 0.195 0.187 
age 0.95 0.048 0.240 0.220 0.209 
4.2 0.95 0.038  0.248(0.240)% 0.225 0.218 
41 0.95 0.028 0.257 0.230 0.234 
4.2 0.95 0.023 0.273 0.243 0.246 
4.0 1.46 0.398 0.357(0.315)¢ 0.344 0.325 
4.0 1.46 0.199 0.406 0.392 0.378 
4.0 1.46 0.147 0.443 0.428 0.396 
4.0 1.46 0.099 0.483 0.467 0.418 
4.0 1.46 0.099 0.477 0.461 0.418 
3.9 1.46 0.067 0.492 0.474 0.440 
4.0 1.46 0.049 0.504 0.484 0.460 
3.9 T. 46 0.038  0.512(0.503)%2 0.489 0.477 
3.9 1.46 0.028 0.531 0.504 0.503 
4.0 1.48 0.025 0.535 0.507 0.522 
20 1.48 0.024 0.554 0.525 0.533 
4.0 1.46 0.023 0.543 0.513 0.524 
Ae: 1.94 0.400 0.564(0.510)% 0.551 0.530 
3.9 1.94 0.395 0.575 0.562 0.533 
4.0 1.94 0.298 0.625 0.612 0.578 
4.1 1.94 0.199 0.674(0.620)% 0.660 0.634 
3.9 1.94 0.147 0.710 0.695 0.670 
4.0 1.94 0.099 0.758 0.742 0.712 
4.0 1.94 0.067 0.782 0.764 0.749 
4.2 1.94 0.067 0.782 0.764 0.749 
3.9 1.94 0.049 0.813 0.793 0.781 
4.0 1.94 0.049 0.807(0.805)%2 0.787 0.781 
3.9 1.94 0.039 0.846 0.823 0.805 
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EEaSO os aed b50.9 
64940 ab tage cbt. 8 €£0.4 
Oke. 0 rae. = Syoet.ojsee.o . 006.0 
FE .0 $oa.0. \ BeBe eee. 
Bt#.0 $14.6 | aness nes. 
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Ove.0 bee~ Olea THL +O 
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CRT 0 sar.a sat'.2 32.0 
fav.0 | £80 .0 £i6.9 220.0 
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3.9 1.94 0.028 0.877 0.850 0.845 
4.0 1.94 0.025 0.886(0.895)2 0.858 0.863 
ee) 1.94 0.023 0.897 0.867 0.875 
4.0 2.96 0.352. 1413(0.920)9 L102 1212 
6.0 3.01 0.349 1.13(0.951)4 1.12 1.16 
20.5 3.00 0.350 (0.950)© 

4.0 ar 0) 06273 1.25(1.05)4 1.24 1.26 
4.2 2.99 0.200 1. 33052200 i232 eeu 
3.9 2.96 Or147 1.40(1.40)4 1.38 144 
2E0 2.99 0.147 1.40 1.38 1.46 
3.9 3701 0.100 1.48 1.46 1.60 
4.0 2.96 0.099 1.48 1.46 1.55 
250 2.96 0.099 1.47 1.45 1.55 
4.0 2.96 0.067 1.62 ers 1.65 
4.0 3.01 0.051 1.66(1.64)4 1.64 Neo? 
3.9 2.96 0.048 1.66 1.64 Leas 
4.0 2.96 0.038 Layee 1.70 i978 
4.0 2.96 0.028 1.80 27 1.85 
4.0 2.96 0.025 1.85(1.85)4 1282 1.88 
20.1 3.00 0.025 (1.84)° 

3.9 2.96 0.023 1.85 1.82 1.90 
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“For all runs, ionic strength 0.50 M (LiC10,-HC10,). 

byalues reported are the initial concentrations of (NH) sCONCCHCHCN?*. 
Reaction with chromium(II) yields complex V-1l. 

The rate constants were obtained at 520 nm unless otherwise noted. 
dpetermined at 410 nm. 

“petermined at 750 nm. 

fvalues tabulated have been corrected for the aquation of complex V-1l 
(equation (5.8)). Only the results obtained at 520 nm are listed. 
Svyalues for kCOX® were obtained from equation (5.22) using the values of 


calc 


the parameters given there. Values of Ata are listed only for runs 


at 520 nm. 
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